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Introduction 


E3  ubiquitin  ligase  gene  WWP1  is  a  candidate  oncogene  at  8q21  in  human  prostate  and 
breast  cancer  (1)  because  of  gene  amplification  and  over-expression.  Transient  WWP1 
overexpression  promotes  and  transiently  WWP1  knockdown  inhibits  prostate  and  breast 
cell  proliferation.  Accumulating  evidence  suggests  that  WWP1  negatively  regulates  the 
TGF(3  signaling  pathway  (2-4).  WWP1  inhibits  TGF(3-induced  transcriptional  activities  as 
well  as  PAI-1  and  Jun  B  expression  (2,  3).  In  addition,  overexpression  of  WWP1  in 
MDCK  cells  reduces  the  TGF(3-induced  growth  inhibition  (2).  Among  eight  Smads, 
WWP1  can  strongly  interact  with  Smad2,  3,  6,  7  proteins,  weakly  with  Smadl  and  5,  but 
not  with  Smad4  and  Smad8,  which  do  not  contain  a  PY  motif  (2,  3).  WWP1  directly 
targets  Smad2  for  ubiquitination  and  degradation  in  the  presence  of  TGIF  (2,  3).  Two 
independent  studies  suggest  that  WWP1  targets  T(BR1  for  ubiquitin-mediated 
degradation  through  the  Samd7  adaptor  (2,  3).  Moren  et  al.,  reported  that  WWP1  uses 
Samd7  to  induce  Smad4  ubiquitination  and  degradation  (5).  Thus,  WWP1  inhibits  the 
TGF-(3  signaling  pathway  directly  or  indirectly  by  targeting  the  T0R1,  Smad2,  and/or 
Smad4  proteins  for  degradation.  Previously,  we  demonstrated  that  WWP1  targets  KLF5 
(6)  for  ubiquitin  mediated  degradation. 

The  purpose  of  the  research  is  to  understand  the  role  and  mechanism  of  WWP1  in 
prostate  cancer  development. 
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Body 

Task  1.  To  test  the  hypothesis  that  over-expression  of  WWP1  promotes  and  maintains  human 
prostate  carcinogenesis: 

1 .  Prepare  lentivirus  expressing  the  WWP1  or  LacZ  gene,  infect  PZ-HPV7  and  22Rv1 
prostate  cell  lines  and  isolate  stable  clones; 

2.  Prepare  lentivirus  expressing  the  WWP1  or  Luc  shRNAmic,  infect  PC-3  and  C4-2 
prostate  cell  lines  and  isolate  stable  clones; 

3.  Compare  the  growth  rate,  cell  cycle,  motility  and  invasion,  as  well  as  TGF-beta, 
androgen,  and  drug  response  for  cell  models  established  above; 

Using  a  lentiviral  system,  we  firstly  overexpressed  WWP1  and  WWPIm  in  RWPE1 
(similar  to  PZ-HPV7)  immortalized  prostate  and  22Rv1  prostate  cancer  cell  lines.  We 
first  obtained  one  WWP1  (#1)  and  one  WWPIm  (#12)  overexpressing  RWPE1  clone 
respectively  (Fig.  1A).  We  failed  to  get  a  LacZ  control  overexpressing  RWPE1  clone. 

We  examined  the  cell  proliferation  of  these  cells  by  DNA  synthesis.  As  shown  in  Fig. 

IB  WT  WWP1  slightly  increases  the  3H-thymidine  incorporation  and  WWPIm 
significantly  suppressed  the  DNA  synthesis  compared  to  the  parental  RWPE1  prostate 
cells.  However,  these  clones  are  unstable  as  the  WWP1  expression  was  lost  after  two 
passages. 


Fig.  1.  Overexpression  of 
WWP1  in  prostate  cells.  A. 

WWP1  and  WWP1C890A 
are  overexpressed  in 
RWPE1  “stable”  clones 
compared  to  the  parental 
cells.  B.  WWPIm  decreases 
the  DNA  synthesis  in 
RWPE1.  C.  WWP1  and 
WWP1C890A  are 
overexpressed  in  22Rv1 
stable  clones  compared  to 
the  parental  cells  and  LacZ 
clones.  D.  Both  WWP1  and 
WWP1C890A  increase  the 
cell  viability  compared  to  the 
LacZ  control,  as  determined 
by  the  SRB  assay. 


In  the  22Rv1  prostate  cancer  cell  line,  we  indeed  obtained  multiple  WWP1  and  WWPIm 
overexpressing  clones  (Fig.  1C).  These  clones  are  stable  as  WWP1  can  be  detected 
after  at  least  7  passages.  We  compared  the  cell  proliferation/apoptosis  index  by  the 
SRB  assay.  As  shown  in  Fig.  ID,  both  WWP1  and  WWPIm  increase  cell  viability 
compared  to  the  LacZ  control.  There  is  no  significant  difference  between  WWP1  and 
WWPIm.  Anchorage  independent  growth  of  these  clones  showed  a  similar  trend  (data 
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not  shown).  In  conclusion,  WWP1  overexpression  may  promote  prostate  cell  growth  in 
E3  ligase  independent  manner. 


We  also  successfully  expressed  WWP1  using  lentivirus  in  MCF10A  and  MDA-MB-231 
cell  lines  and  found  that  WWP1  promotes  cell  proliferation  in  an  E3  ligase  activity 
independent  manner  (Fig.  2). 
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Figure  2.  WWP1  regulates  ErbB2/  EGFR  and  cell  proliferation/survival  in  breast  cell 
lines.  A.  WWP1  over-expression  in  MCF10A  and  MDA-MB-231  increases  the  protein 
levels  of  ErbB2  and  EGFR  in  a  ligase  activity  independent  manner,  as  determined  by 
Western  blot.  B.  WWP1  significantly  promotes  DNA  synthesis  in  MCF10A  and  MDA-MB- 
231,  as  determined  by  3H  thymidine  incorporation.  The  LacZ  control  was  defined  to  be 
100.  **,  P<0.01  (t-test).  W  is  the  WT  human  WWP1,  and  Wm  is  the  catalytic  inactive 
human  WWP1C890A.  The  cell  populations  with  a  low  passage  number  (<3)  were  used  in 
this  study. 


Additionally,  we  obtained  WWP1  and  catalytic  inactive  WWP1C890A  (WWPIm) 
overexpressing  MCF7  clones  and  found  that  the  WT  WWP1  can  rescue  the  WWP1 
ablation  and  TRAIL  (25ng/ml)  induced  apoptosis  (Fig.  3A-B).  However,  WWPIm 
functions  as  a  dominant  negative  mutant  to  promote  apoptosis  induced  by  the  WWP1 
siRNA  and  TRAIL.  Consistently,  WWP1  promotes,  but  WWPIm  inhibits  anchorage 
independent  growth  (Fig.  3C). 
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Fig.  3.  Overexpression  of  WT  WWP1  rescues  the  WWP1  siRNA  induced  apoptosis 
and  causes  resistance  to  TRAIL.  A.  WWP1  siRNA  induces  apoptosis  (cleavage  of 
Caspase  8,  7,  9  and  PARP)  in  LacZ  overexpressing  MCF7  cells  compared  to  the  Lucsi 
control.  WT  WWP1  overexpressing  MCF7  cells  are  resistant  to  the  WWP1  siRNA. 
WWPIm  overexpressing  MCF7  cells  become  more  sensitive  to  the  WWP1  siRNA.  B. 
TRAIL  induces  apoptosis  (cleavage  of  Caspase  8,  7,  9  and  PARP)  in  LacZ 
overexpressing  MCF7  cells.  WT  WWP1  overexpressing  MCF7  cells  are  resistant  to 
TRAIL.  WWPIm  overexpressing  MCF7  cells  become  more  sensitive  to  TRAIL.  C.  WT 
WWP1  increases,  but  WWPIm  decreases  the  anchorage  independent  growth. 


Previously,  we  found  that  WWP1  knockdown  by  siRNA  inhibits  cell  proliferation  in  PC-3 
(4),  but  not  in  LNCaP,  C4-2,  LAPC-4,  and  DU  145  prostate  cancer  cell  lines.  However, 
WWP1  knockdown  by  siRNA  induces  apoptosis  in  two  breast  cancer  cell  lines  (MCF7 
and  HCC1500)  (1).  We  use  the  pSIHI-HI-Puro  lentiviral  system  and  obtained  WWP1 
knockdown  MCF7  cell  populations.  We  found  that  knockdown  of  WWP1  can  sensitize 
these  cells  to  TRAIL  (Fig.  4).  Similar  results  were  observed  in  PC-3  (data  not  shown). 
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Fig.  4.  The  inhibition  of  WWP1  increased  the  TRAIL  sensitivity  in  TRAIL-resistant 
cancer  cell  lines.  A.  WWP1  KD  by  siRNA  and  TRAIL  (25  ng/ml)  additively  induced  apoptosis 
in  MCF7  and  HCC1500  as  detected  by  WB  and  flow  cytometry.  The  cells  were  transfected 
with  siRNAs  for  two  days  and  were  treated  with  TRAIL  for  one  day.  Apoptosis  is  indicated  by 
the  cleavage  of  caspase-8,  -7  and  PARP  in  the  left  panel.  The  right  panel  shows  the 
quantitative  apoptotic  data  (sub-GI  cells),  as  detected  by  the  PI  staining  and  flow  cytometry, 

*,  P<0.05;  **,  P<0.01  (t-test).  B.  The  overexpression  of  WT  WWP1*  reduced,  but  WWPIm* 
increased,  the  TRAIL  (25  ng/ml)  -induced  apoptosis  in  MCF7.  Apoptosis  is  indicated  by  the 
cleavage  of  caspase-8,  -7  and  PARP.  C.  WWP1  KD  by  two  different  shRNA  and  TRAIL  (25 
ng/ml)  additively  induced  apoptosis  in  MCF7  as  detected  by  WB.  Apoptosis  is  indicated  by 
the  cleavage  of  caspase-8  and  -7.  The  41/43  KDa  cleaved  caspase-8  bands  are  shown  (*). 

D.  WWP1  KD  by  two  different  shRNAs  and  TRAIL  additively  decreased  the  cell  viability  in 
MCF7  as  detected  by  the  SRB  assay.  The  cells  were  treated  with  25  ng/ml  TRAIL  for  two 
days.  The  killing  effects  of  TRAIL  are  shown. 


In  summary,  we  successfully  established  WWP1  overexpression  22Rv1  and  MCF7 
stable  clones  and  WWP1  depletion  MCF7  and  PC-3  stable  populations  and  studied 
their  growth  rate,  apoptosis,  and  TRAIL  response. 


We  first  successfully  expressed  WWP1  using  lentivirus  in  PZ-HPV7,  RWPE1,  22Rv1, 
MCF10A,  MCF7,  and  MDA-MB-231  cell  lines.  We  found  that  WWP1  overexpression 
promoted  cell  proliferation  in  an  E3  ligase  activity  independent  manner  (Oncogene, 
2008).  WWP1  overexpression  in  MCF7  protected  cells  from  TRAIL-induced  apoptosis; 
however,  the  E3  ligase  dead  mutant  WWP1  overexpression  promoted  TRAIL-induced 
apoptosis  (Int.  J.  Cancer,  2011). 

In  addition,  we  demonstrated  that  WWP1  is  induced  by  TGF-beta  in  PC-3  and  HaCaT 
cells.  WWP1  is  degraded  through  proteasome  in  22Rv1.  (Cancer  Metastasis  Rev, 
2007).  We  collaborated  with  Lianping  Xin  at  Rochester  University  and  demonstrated 
that  WWP1  suppresses  SDF-1 -induced  cell  migration  and  invasion  (submitted). 


We  already  completed  this  specific  aim  and  published  three  papers. 


8 


1)  Ceshi  Chen*.  Yi  Li,  Zhongmei  Zhou,  Arun  K.  Seth,  The  WW  domain  containing  E3 
ubiquitin  protein  ligase  1  upregulates  ErbB2  and  EGFR  through  RING  finger 
protein  11,  Oncogene,  2008,  27:  6845-55. 

2)  Zhongmei  Zhou,  Rong  Liu,  Ceshi  Chen*.  The  WWP1  ubiquitin  E3  ligase  increases 
TRAIL  resistance  in  breast  cancer,  Int  J  Cancer.  201 1  Apr  7.  [Epub  ahead  of  print] 

3)  Chen  C*  and  Matesic  LE.  2007.  The  Nedd4-like  family  of  E3  ubiquitin  ligases  and 
cancer  (review).  Cancer  Metastasis  Rev  26:587-604 

Task  2.  To  determine  the  molecular  mechanism  of  WWP1  promoting  human  prostate 
carcinogenesis: 

1 .  Examine  protein  interaction  among  WWP1 ,  RNF1 1 ,  and  Smad4  by  Co-IP,  GST-pull 
down  assays,  and  immuno-fluorescence  staining; 

2.  Check  Smad4  ubiquitination  and  degradation  by  WWP1  through  expressing  RNF1 1 
cDNA  or  siRNA; 

3.  Investigate  expression  of  RNF1 1  in  the  prostate  cancer  samples  by  real-time  PCR, 
northern  blot,  and  western  blots; 

4.  Co-transfect  RNF1 1  and  WWP1  cDNA  or  siRNA  in  prostate  cancer  and  examine  the 
TGF-beta  response  and  cell  growth; 

5.  Examine  the  protein  expression  of  the  WWP1  targets  in  cell  models  established  in 
Aim  1  by  western  blot; 

6.  Perform  rescue  experiments  through  introducing  mutant  or  siRNA  for  verified  WWP1 
substrates  into  cell  models  established  in  Aim  1 


We  firstly  demonstrated  that  WWP1  forms  a  protein  complex  with  RNF1 1 ,  a  negative 
regulator  of  ErbB2  and  EGFR.  The  protein-protein  interaction  is  through  the  first  and 
third  WW  domains  of  WWP1  and  the  PY  motif  of  RNF11  (Fig.  5). 


A 


GST  + 

GSTRNF11  +  R  GST-RNF11  ♦  ♦ 

QST-RNF11Y40A  ♦  GST-RNF11Y40A  ♦ 

Myc-WWPI  C886S  +  +  +  KDa  Myc-WWP1C886S  ♦  +  KDa 


tt-Myc 

-105 

GST 

pull-down 

•  45  Myc  IP 

(X-GST 

-26 

u-Myc 

-105 

-45 

a-GST 

—  mm 

Input 

Input 

-26 

(J-actin  j 

1-42 

RNF11-V5 


t-  CM  CO 


►|-20 

: — 1-37 

x  * 

SS  S  S 

i  — 

“1-20 

RNF11 

—I  -  37 

E 


WWP1  - 
RNF11  - 


IP 


3 

CL 

LL 

z 

C 

O) 

a: 

KDa 

h  HI 

- 100 

b-4l 

-20 

F 


mCherry-WWPI 

RNF11-V5 

Overlay 

4  • 

»• 

•  % 

T 

\  y 

•  - 

Fig.  5.  WWP1  interacts  with  RNF1 1  via  the  WW/PY  motifs.  A.  The  PY  motif  of  RNF1 1  is 
required  for  protein  interaction  with  WWP1,  as  determined  by  the  GST  pull-down  assay.  Myc- 
WWPI  C886S  and  GST-RNF1 1/GST-RNF1 1Y40A/GST  were  transfected  into  HEK293T  for 
two  days.  GST  fusion  proteins  were  pulled  down  with  Glutathione-Sepharose  4B  slurry 
beads.  B.  The  PY  motif  of  RNF1 1  is  required  for  protein  interaction  with  WWP1 ,  as 
determined  by  the  co-IP  experiment.  Myc-WWPI  C886S  was  immunoprecipitated  with  anti- 
Myc  Ab  and  protein  A  beads.  C.  RNF1 1  binds  to  the  first  and  third  WW  domains  of  WWP1 . 
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The  GST  pull-down  assay  was  performed.  RNF1 1-V5  was  probed  with  anti-V5  Ab.  D.  The 
recombinant  GST-WWP1  and  GST-WWP1C886S  fusion  proteins  pulled  down  the  in  vitro 
translated  35S-labeled  RNF11  protein  but  the  GST  protein  did  not.  E.  Endogenous  RNF11 
interacts  with  WWP1  in  MCF7.  The  MCF7  cell  lysate  from  one  100-mm  dish  was 
immunoprecipitated  with  either  5  pi  mouse  anti-RNF1 1  antibody  (Abnova)  or  mouse  IgG.  The 
blot  was  probed  with  rabbit  anti-WWPI  and  anti-RNF1 1  Abs.  5%  of  the  input  cell  lysate  was 
used  as  the  control.  F.  Co-localization  of  WWP1  and  RNF11  in  HEK293T  cells.  RNF11-V5 
was  detected  by  immunofluorescence  staining  using  anti-V5  Ab.  Myc-mCherry-WWPI  can  be 
directly  visualized  under  the  fluorescent  microscope. 

Although  WWP1  is  able  to  ubiquitinate  RNF11  in  vitro  and  in  vivo,  WWP1  neither 

targets  RNF1 1  for  degradation  nor  changes  RNF1 1  ’s  cellular  localization  (Fig.  6). 
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Fig.  6.  WWP1  ubiquitinates  RNF11  but  does  not  regulate  the  RNF11  protein  stability.  A. 

The  recombinant  GST  protein  or  GST-fused  WWP1/WWP1C886S  proteins  were  incubated 
with  in  vitro  translated  RNF1 1  or  RNF1 1 Y40A  proteins  labeled  with  35S,  and  the  reaction 
products  were  subjected  to  PAGE  and  autoradiography.  “Input”  is  in  vitro  translated  RNF1 1 
(lane  1)  or  RNF1 1Y40A  (lane  6)  proteins  which  serve  as  negative  controls.  Lanes  2  and  7 
also  serve  as  negative  controls  because  only  the  ubiquitin  conjugation  reagents  but  not  any 
GST  recombinant  proteins  were  added  into  the  reactions.  B.  WT  but  not  catalytic  inactive 
WWP1C886S  ubiquitinates  GST-RNF1 1AR  in  HEK293T  cells.  The  GST-RNF1 1AR  proteins 
were  pulled  down  by  Glutathione  Sepharose  4B  beads  and  detected  by  anti-GST  Ab.  C. 
WWP1  does  not  affect  the  stable  levels  of  endogenous  RNF1 1  in  breast  cancer  cells.  Two 
WWP1  siRNAs  were  transfected  into  MCF7. 

Importantly,  inhibition  of  RNF11  can  rescue  WWP1  siRNA-induced  ErbB2  and  EGFR 
downregulation  and  growth  arrest.  Finally,  we  demonstrated  that  RNF11  is 
overexpressed  in  a  panel  of  prostate  cancer  cell  lines  with  WWP1  expression  (Fig.  7). 
These  findings  suggest  that  WWP1  may  promote  cell  proliferation  and  survival  partially 
through  suppressing  RNF1 1-mediated  ErbB2  and  EGFR  downregulation. 
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Fig.  7.  RNFIIsi  rescues  the  WWP1  si-induced  ErbB2  and  EGFR  downregulation  and 
growth  arrest  in  MCF10A.  A.  RNF11  siRNA#1  effectively  rescues  WWP1  siRNA#1  induced 
ErbB2  and  EGFR  decrease  in  MCF10A,  as  measured  by  Western  blot.  B.  RNF1 1si#1 
effectively  rescues  WWP1  siRNA#1  induced  DNA  synthesis  decrease  in  MCF10A,  as 
measured  by  3H-thymidine  incorporation.  Both  WWP1  siRNA  and  RNF11  siRNA  were 
transfected  at  100  nM  final  concentration  for  48  hrs.  C.  The  RNF1 1  protein  level  is  up- 
regulated  in  prostate  cancer  cell  lines  compared  to  three  immortalized  prostate  epithelial  cell 
lines,  as  determined  by  Western  blot. 


Additionally,  we  demonstrated  that  WWP1  targets  the  p63  transcription  factor  and  the 
ErbB4  receptor  for  ubiquitin-mediated  proteasomal  degradation  and  regulates  apoptosis 
(data  not  shown).  Furthermore,  we  continued  to  study  the  WWP1  mediated  KLF5 
protein  degradation  (6).  We  found  that  another  E3  ubiquitin  ligase  Fbw7  can  also  target 
KLF5  for  degradation  (data  not  shown).  Thus,  WWP1  and  Fbw7  coordinately  target 
KLF5  for  degradation. 

In  summary,  WWP1  E3  ligases  function  through  ubiquitinating  RNF1 1 ,  KLF5,  p63,  and 
ErbB4.  We  published  additional  four  papers. 

1)  Yi  Li,  Zhongmei  Zhou,  Ceshi  Chen*,  WW  domain  containing  E3  ubiquitin  protein 
ligase  1  targets  p63  transcription  factor  for  ubiquitin-mediated  proteasomal 
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degradation  and  regulates  apoptosis,  Cell  death  and  differentiation,  2008,  15: 
1941-51 

2)  Yi  Li,  Zhongmei  Zhou,  Maurizio  Alimandi,  Ceshi  Chen*  WW  domain  containing 
E3  ubiquitin  protein  ligase  1  targets  the  full  length  ErbB4  for  ubiquitin-mediated 
degradation  in  breast  cancer,  Oncogene,  2009  Aug  20;28(33):2948-58 

3)  Zhao  D,  Zheng  H,  Zhou  Z,  Ceshi  Chen*.  The  Fbw7  tumor  suppressor  targets 
KLF5  for  ubiquitin-mediated  degradation  and  suppresses  breast  cell  proliferation. 
Cancer  Res,  2010,  70(1 1  ):4728-4738. 

4)  Rong  Liu,  Zhongmei  Zhou,  Dong  Zhao,  Ceshi  Chen*.  The  Induction  of  KLF5 
Transcription  Factor  by  Progesterone  Contributes  to  Progesterone-Induced 
Breast  Cancer  Cell  Proliferation  and  Dedifferentiation,  Mol  Endocrinol,  2011 
May  12.  [Epub  ahead  of  print]  (Cover  article) 

Task  3.  To  test  the  hypothesis  that  WWP1  over-expression  causes  prostate 
cancer  in  vivo  by  establishing  a  WWP1  prostate  transgenic  mouse  model: 

1 .  Construct  and  evaluate  the  ARR2PB-myc-WWP1  expression  vector  in  LNCaP; 

2.  Generate  and  validate  ARR2PB-myc-WWP1  transgenic  mice; 

We  failed  to  obtain  prostate  specific  WWP1  Tg  mice  after  several  attempts.  We  already 
replace  this  aim  with  the  following  aim  with  the  approval  of  DoD  PCRP. 

Task  3.  To  test  whether  PMEPA1  (a  WWP1  interacting  protein)  can  promote 
androgen  receptor  negative  prostate  cancer  cell  cycle  through  inhibiting  CDK 
inhibitor  p21  expression: 

The  PMEPA1  gene  has  been  shown  to  suppress  the  androgen  receptor  (AR)  and  TGF(3 
signaling  pathways  and  is  abnormally  expressed  in  prostate  tumors.  However,  the  role 
and  mechanism  action  of  PMEPA1  in  AR-negative  prostate  cancer  are  unclear,  we  fistly 
demonstrate  that  inhibition  of  PMEPA1  suppresses  AR-negative  RWPE1  and  PC-3 
prostate  cell  proliferation  through  upregulating  the  p21  transcription  (Fig.  8). 
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Fig.  8.  Depletion  of  PMEPA1  inhibits  AR-negative  prostate  cell  proliferation  through 
blocking  the  G1/S  cell  cycle  transition.  A.  Depletion  of  PMEPA1  inhibits  3H-thymidine 
incorporation  in  both  RWPE1  and  PC-3  prostate  cell  lines.  Knockdown  of  the  PMEPA1 
protein  expression  by  two  different  siRNAs  in  RWPE1  and  PC-3  was  examined  by 
immunoblotting  (left  panel).  B.  Knockdown  of  PMEPA1  by  siRNA#2  in  PC-3  prevents  the 
G1/S  cell  cycle  progression  by  the  PI  staining  and  flow  cytometry  analysis.  The  average 
results  from  the  three  experiments  are  shown  on  the  left  side.  **,  p  <  0.01  (t-test).  One 
example  result  of  flow  cytometry  is  shown  on  the  right  side. 


Additionally,  PMEPA1  overexpression  suppresses  the  p21  expression  and  promotes 
cell  proliferation  (data  not  shown).  PMEPA1  is  induced  by  TGF(3  as  a  negative  feedback 
loop  to  suppress  Smad3  phosphorylation  and  nuclear  translocation,  upregulates  c-Myc, 
downregulates  p21,  and  promotes  PC-3  cell  proliferation.  The  PMEPA1  functions 
depend  on  its  Smad2/3  binding  motif.  Consistently,  depletion  of  Smad3/4,  but  not 
Smad2,  blocks  the  PMEPAI’s  functions  of  regulating  c-Myc  and  p21  (Fig.  9). 
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Fig.  9.  PMEPA1  suppresses  the  p21  expression  and  cell  proliferation  through  blocking 
Smad3  nuclear  translocation  in  the  presence  and  absence  of  TGFp.  A.  Knockdown  of 
PMEPA1  increases  the  TGFp  induced  p21  expression  in  PC-3,  as  determined  by 
immunoblotting  (left  panel).  PC-3  cells  were  transfected  with  different  PMEPA1  siRNAs.  On 
the  second  day  after  transfection,  the  cells  were  serum  starved  overnight  and  treated  with  2 
ng/ml  TGFp  for  6  hours.  Knockdown  of  PMEPA1  increases  the  TGFp  induced  PC-3  growth 
arrest,  as  determined  by  the  DNA  synthesis  assay  (right  panel).  *,  P<0.05;  **,  P<0.01,  t-test. 

B.  Knockdown  of  Smad3  but  not  Smad2  rescues  PMEPA1  siRNA#1  induced  c-Myc 
downregulation  and  p21  upregulation  in  PC-3  (left  panel).  Knockdown  of  Smad4  rescues 
PMEPA1  siRNA#1  induced  c-Myc  downregulation  and  p21  upregulation  in  PC-3  (right  panel). 

C.  Knockdown  of  PMEPA1  increases  and  overexpression  of  PMEPAip  decreases  the 
Smad3  phosphorylation  in  the  presence  of  TGFp  (2  ng/ml,  1  hour)  in  PC-3.  D. 

Overexpression  of  PMEPAip  in  PC-3  decreases  the  nuclear  Smad3  protein  levels  in  the 
absence  and  presence  of  TGFp  (2  ng/ml,  1  hour).  PARP  is  a  nuclear  marker;  and  a/p-Tubulin 
is  the  cytoplasm  marker. 

Importantly,  stable  depletion  of  PMEPA1  in  PC-3  inhibits  xenograft  growth  (Fig.  10). 
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Fig.  10.  Depletion  of  PMEPA1  inhibits  PC-3  prostate  cancer  growth  in  vivo 

A.  Stable  knockdown  of  PMEPA1  downregulates  the  c-Myc  protein  expression  and 
upregulates  the  p21  protein  expression  in  PC-3.  B.  Stable  knockdown  of  PMEPA1  in  PC-3 
significantly  suppresses  DNA  synthesis  in  vitro.  C.  The  PC-3  PMEPA1sh#2  cell  population 
grows  more  slowly  than  the  Lucsh  control  cell  population  in  male  SHO  mice.  *,  p<0.05  (t-test). 
D.  Stable  knockdown  of  PMEPA1  significantly  decreases  the  xenograft  tumor  weight  (n=10). 

*,  p<0.05  (t-test).  The  tumors  were  harvested  at  day  70. 


Finally,  we  found  that  PMEPA1  is  overexpressed  in  a  subset  of  prostate  cancer  cell 
lines  and  tumors  (Fig.  11). 
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Fig.  11.  PMEPA1  is  overexpressed  in  prostate  cancer  and  the  pathway  by  which 
PMEPA1  inhibits  cell  proliferation.  A.  The  protein  expression  of  PMEPA1,  both  36  KDa  a 
and  39  KDa  p  isoforms,  in  the  immortalized  prostate  epithelial  cell  lines  (PZ-HPV7  and 
RWPE1)  and  five  prostate  cancer  cell  lines  was  measured  by  immunoblotting.  p-actin  served 
as  the  loading  control.  B.  Examples  of  IHC  staining  for  PMEPA1  in  normal  prostate  (N:  score 
0),  adjacent  normal  (score  3),  and  prostate  carcinomas  (T,  stage  1 :  score  6,  and  stage  3: 
score  8). 


These  findings  suggest  that  PMEPA1  may  promote  AR-negative  prostate  cancer  cell 


proliferation  through  p21.  We  already  completed  this  specific  aim  and  published  one 
paper. 

Rong  Liu,  Zhongmei  Zhou,  Jian  Huang,  Ceshi  Chen*,  PEMPA1  promotes  androgen 
receptor  negative  prostate  cell  proliferation  through  suppressing  the  Smad3/4-c-Myc- 
p21Cip1  signaling  pathway,  J.  Pathology,  2011, 223(5):683-94 
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Key  Research  Accomplishments 

1.  WWP1  depletion  suppresses  cancer  cell  proliferation  and  promotes  apoptosis 

2.  WWP1  suppresses  cell  migration  and  invasion 

3.  WWP1  interacts  with  RNF11  and  inhibits  RNF1 1-medaited  EGFR  and  ErbB2 
downregulation 

4.  WWP1  targets  p63  transcription  factor  for  ubiquitin-mediated  proteasomal 
degradation  and  regulates  cell  apoptosis 

5.  WWP1  targets  ErbB4  for  ubiquitin-mediated  degradation 

6.  WWP1  increases  the  TRAIL  resistance  through  Caspase  8 

7.  WWP1  and  Fbw7  coordinately  target  KLF5  for  ubiquitin-mediated  degradation. 

8.  WWP1  mediated  KLF5  ubiquitination  and  degradation  is  inhibited  by  the  YAP  and 
TAZ  protein. 

9.  The  WWP1  interacting  protein  PMEPA1  promotes  prostate  cell  cycle  progression 
and  regulating  Myc  and  p21. 

10.  WWP1  is  overexpressed  in  ER  and  IGF-1R  positive  breast  tumors  by  IHC  study. 

1 1 .  KLF5  promotes  cell  survival  through  FGF-BP-ERK-MKP-1 

12.  KLF5  contributes  to  progesterone-induced  cell  proliferation  and  de-differentiation 

13.  The  HECTD3  E3  ubiquitin  ligase  promotes  prostate  cancer  cell  survival 

WWP1  appears  to  be  a  context  dependent  oncogene  in  cancers.  The  WWP1  mRNA 
and  protein  levels  are  frequently  up-regulated  in  a  subset  of  prostate  and  breast 
cancers  (1, 4).  Interestingly,  the  expression  of  WWP1  in  breast  tumors  correlates  with 
positive  ERa  and  insulin-like  growth  factor  1  receptor  (IGF-1R)  statuses,  which  are  good 
prognosis  biomarkers  in  breast  tumors.  In  MCF10A  breast  cells,  when  WWP1  was 
knocked  down  by  siRNA,  the  cells  became  more  resistant  to  doxorubicin-induced 
apoptosis  (7).  This  result  suggests  that  WWP1  has  a  pro-apoptotic  function  in  MCF10A. 
The  WWP1  pro-apoptotic  function  can  be  attributed  to  targeting  several  pro-survival 
proteins,  such  as  ANp63  (7)  and  KLF5  (6),  for  ubiquitin-mediated  degradation. 
Consistently,  the  expression  of  WWP1  is  negatively  correlated  with  the  expression  of 
ANp63  (7)  and  KLF5  (8)  in  breast  cancers. 

In  contrast  to  the  WWP1  pro-apoptotic  function  in  ERa-negative  breast  cells,  WWP1 
depletion  in  ERa-positive  MCF7  and  HCC1500  breast  cancer  cell  lines  suppressed  cell 
proliferation  and  induced  apoptosis  (1, 9-11).  Similar  results  were  obtained  in  MDCK 
(2),  PC-3  (4),  and  HCT116  cells  (7).  In  addition,  WWP1  overexpression  promoted 
breast  epithelial  cell  growth  and  anchorage-independent  growth  (11).  WWP1  enhances 
cell  proliferation  and  survival  likely  through  both  ubiquitin  ligase-dependent  and  - 
independent  activities.  In  MDCK  cells,  WWP1  suppressed  the  expression  of  T(3R1, 
Smad2,  and  TGFp-induced  PAI1  and  JunB  (2).  In  PC-3,  WWP1  suppressed  the 
expression  of  TpRI,  Smad4,  and  the  cell  cycle  dependent  kinase  inhibitor  pi 5  (4).  In 
HCT116,  WWP1  targeted  the  TAp63  for  degradation  (7).  In  addition,  WWP1  enhances 
MAPK  signaling  through  decreasing  the  ErbB2  and  EGFR  turnover  (9).  Thus,  WWP1 
may  have  a  context  dependent  role  in  cancer  development. 

To  conclusively  sort  this  out,  the  physiological  role  of  WWP1  needs  to  be  elucidated  in 
animal  models. 
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Reportable  Outcomes 

1.  Twelve  papers  (PI  is  the  corresponding  author  for  all  these  papers) 

1)  Chen,  C*.  and  Matesic,  L.  E.  The  Nedd4-like  family  of  E3  ubiquitin  ligases  and 
cancer.  Cancer  Metastasis  Rev,  2007,26:  587-604. 

2)  Ceshi  Chen*,  Yi  Li,  Zhongmei  Zhou,  Arun  K.  Seth,  The  WW  domain  containing 
E3  ubiquitin  protein  ligase  1  upregulates  ErbB2  and  EGFR  through  RING  finger 
protein  11,  Oncogene,  2008,  27:  6845-55. 

3)  Yi  Li,  Zhongmei  Zhou,  Ceshi  Chen*,  WW  domain  containing  E3  ubiquitin  protein 
ligase  1  targets  p63  transcription  factor  for  ubiquitin-mediated  proteasomal 
degradation  and  regulates  apoptosis,  Cell  death  and  differentiation,  2008,  15: 
1941-51 

4)  Ceshi  Chen*,  Zhongmei  Zhou,  Christine  E.  Sheehan,  Elzbieta  Slodkowska, 
Christopher  B.  Sheehan,  Yi  Li,  Ann  Boguniewicz,  Jeffrey  S.  Ross*, 
Overexpression  of  WWP1  is  associated  with  estrogen  receptor  and  insulin-like 
growth  factor  receptor  1  in  breast  carcinoma,  Int.  J.  Cancer,  2009  124(12):  2829 

5)  Yi  Li,  Zhongmei  Zhou,  Maurizio  Alimandi,  Ceshi  Chen*  WW  domain  containing 
E3  ubiquitin  protein  ligase  1  targets  the  full  length  ErbB4  for  ubiquitin-mediated 
degradation  in  breast  cancer,  Oncogene,  2009,  28:2948-58. 

6)  Rong  Liu,  Hanqiu  Zheng,  Zhongmei  Zhou,  Jin-Tang  Dong,  Ceshi  Chen*,  KLF5 
promotes  breast  cell  survival  partially  through  FGF-BP-pERK-mediated  MKP-1 
protein  phosphorylation  and  stabilization,  JBC,  2009,  284:16791-8. 

7)  Dong  Zhao,  Hanqiu  Zheng,  Zhongmei  Zhou,  Ceshi  Chen*,  The  Fbw7  tumor 
suppressor  targets  KLF5  for  ubiquitin-mediated  degradation  and  suppresses 
breast  cell  proliferation,  Cancer  Research,  2010,  70(1 1):4728-38 

8)  Jin-Tang  Dong*,  Ceshi  Chen*,  Essential  role  of  KLF5  transcription  factor  in  cell 
proliferation  and  differentiation  and  its  implications  for  human  diseases,  (Review), 
Cellular  and  Molecular  Life  Sciences,  2009  Aug;66(16):2691-706. 

9)  Rong  Liu,  Zhongmei  Zhou,  Jian  Huang,  Ceshi  Chen*,  PEMPA1  promotes 
androgen  receptor  negative  prostate  cell  proliferation  through  suppressing  the 
Smad3/4-c-Myc-p21Cip1  signaling  pathway,  J.  Pathology,  2011, 223(5):683-94 

10)  Rong  Liu,  Zhongmei  Zhou,  Dong  Zhao,  Ceshi  Chen*,  The  Induction  of  KLF5 
Transcription  Factor  by  Progesterone  Contributes  to  Progesterone-Induced 
Breast  Cancer  Cell  Proliferation  and  Dedifferentiation,  Mol  Endocrinol,  201 1 
May  12.  [Epub  ahead  of  print]  (Cover  article) 

11) Zhongmei  Zhou,  Rong  Liu,  Ceshi  Chen*,  The  WWP1  ubiquitin  E3  ligase 
increases  TRAIL  resistance  in  breast  cancer,  Int  J  Cancer.  201 1  Apr  7.  [Epub 
ahead  of  print] 

12)  Xu  Zhi,  Ceshi  Chen*,  WWP1 :  a  versatile  ubiquitin  E3  ligase  in  signaling  and 
diseases  (review),  submitted,  201 1 . 

2.  Twenty-one  abstracts 

1)  Li  Y,  Zhou  Z,  Chen  C.  WWP1  regulates  cell  apoptosis  through  targeting  p63  for 
ubiquitin-mediated  proteasomal  degradation,  International  Symposium  on  Protein 
Modification  and  Degradation  in  Beijing  (SPMDB).  Nov.  4-7,  2007 

2)  Chen  C,  Li  Y,  Zhou  Z,  Seth  AK.  WWP1  promotes  cell  proliferation  through 
blocking  RNF11  mediated  Erbb2  and  EGFR  downregulation  [abstract].  In: 
Proceedings  of  the  99th  Annual  Meeting  of  the  American  Association  for  Cancer 
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Research;  2008  Apr  12-16;  San  Diego,  CA.  Philadelphia  (PA):  AACR;  2008. 
Abstract  nr  140 

3)  Li  Y,  Zhou  Z,  Chen  C.  HECTD3:  A  new  e3  ligase  upregulated  in  breast  and 
prostate  cancer  [abstract].  In:  Proceedings  of  the  99th  Annual  Meeting  of  the 
American  Association  for  Cancer  Research;  2008  Apr  12-16;  San  Diego,  CA. 
Philadelphia  (PA):  AACR;  2008.  Abstract  nr  1790 

4)  Hanqiu  Zheng,  Zhongmei  Zhou,  and  Ceshi  Chen.  A  9-amino  acid  Motif  at  KLF5 
Nterminus  Contributes  to  WWP1  E3  Ubiquitin  Ligase  Mediated  KLF5  Protein 
Degradation.  The  first  international  symposium  on  the  biology  of  the  krupplel-like 
factors,  University  of  Tokyo  auditorium  (Tokyo,  Japan),  March  6-7  of  2008 

5)  J.  S.  Ross,  E.  Slodkowska,  C.  E.  Sheehan,  Z.  Zhou,  C.  B.  Sheehan,  C.  Chen, 
WW  domain  containing  E3  ubiquitin  protein  ligase  1  (WWP1)  expression  in 
breast  cancer  and  its  correlation  with  estrogen  receptor  (ER)  and  insulin-like 
growth  factor  receptor  1  (IGF-1R)  status,  American  Society  of  Clinical  Oncology 
(ASCO),  2008 

6)  Hanqiu  Zheng,  Zhongmei  Zhou,  Ceshi  Chen.  Krupple-like  factor  5  (KLF5) 
promotes  breast  cell  proliferation  through  activating  the  fibroblast  growth  factor¬ 
binding  protein  (FGF-BP)  transcription,  31st  Annual  San  Antonio  Breast  Cancer 
Symposium.  Dec  10-14,  2008,  Texas,  USA 

7)  Rong  Liu,  Zhongmei  Zhou,  Ceshi  Chen,  Kruppel-like  transcription  factor  5  (KLF5) 
promotes  breast  cell  survival  through  pERK-mediated  MKP-1  protein 
stabilization,  31st  Annual  San  Antonio  Breast  Cancer  Symposium.  Dec  10-14, 
2008,  Texas,  USA 

8)  Ceshi  Chen.  Zhongmei  Zhou,  Yi  Li,  The  WWP1  E3  ubiquitin  ligase  increases 
TRAIL  resistance  in  breast  cancer,  Proceedings  of  the  100th  Annual  Meeting  of 
the  American  Association  for  Cancer  Research;  2009  Apr  18-22;  Denver,  CO. 
Abstract  nr  5134 

9)  Ceshi  Chen,  Zhongmei  Zhou,  Christine  E.  Sheehan,  Jeffrey  S.  Ross, 
Overexpression  of  WWP1  is  associated  with  estrogen  receptor  and  insulin-like 
growth  factor  receptor  1  in  breast  carcinoma,  Keystone  symposia  “many  faces  of 
ubiquitin”  Jan  11-16,  2009,  Copper  mountain,  CO,  USA 

IQlCeshi  Chen,  The  WWP1  E3  Ubiquitin  Ligase  as  Novel  Molecular  Targets  in 
Breast  Cancer,  Ubiquitin  Drug  Discovery  &  Diagnostics;  2009  Oct  13-14; 
Philadephia,  PA.  USA.  p42 

1  DCeshi  Chen.  The  E3  ubiquitin  ligases  as  Novel  Molecular  Targets  in  Breast 
Cancer,  BIT’S  2nd  Annual  World  Cancer  Congress;  2009  Jun  22-25;  Beijing, 
China.  Abstract  p335 

12)  Rong  Liu,  Ceshi  Chen,  PMEPA1  promotes  prostate  cell  proliferation  through 
downregulating  p2l WAF1/CIP1 ,  May,  2010,  The  Journal  of  Urology  Vol  183(4), 
Supplement,  el 55 

13) Ceshi  Chen,  Targeting  the  KLF5  transcription  factor  for  ubiquitin  proteasome 
degradation  in  breast  cancer,  BIT’S  3rd  World  Cancer  Congress;  2010  Apr  25-27; 
Shanghai,  China.  Abstract  p229 

14) Han-Qiu  Zheng,  Dong  Zhao,  Zhongmei  Zhou,  Ceshi  Chen.  The  SCFFbw7  E3 
ubiquitin  ligase  complex  targets  KLF5  for  ubiquitination  and  degradation  in  a 
phosphorylation  dependent  manner,  Proceedings  of  the  American  Association  for 
Cancer  Research;  2010  Apr;  Abstract  nr  3150 

15)  Dong  Zhao,  Han-Qiu  Zheng,  Zhongmei  Zhou,  Ceshi  Chen,  The  SCFFbw7  E3 
ubiquitin  ligase  complex  targets  KLF5  for  proteolysis  in  breast  cancer, 
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Proceedings  of  the  American  Association  for  Cancer  Research;  2010  Apr; 
Abstract  nr  3155 

16)  Ceshi  Chen.  The  Fbw7  tumor  suppressor  targets  KLF5  for  ubiquitin  mediated 
degradation  in  a  phosphorylation  dependent  manner,  Biology  and  Pathobiology 
of  KLFs,  FASEB  Summer  Research  Conference,  pi  1 ,  Steamboat  Spring,  CO, 
Aug  8-13,  2010 

17) Ceshi  Chen,  Rong  Liu,  Jian  Huang:  PMEPA1  promotes  prostate  cell  proliferation 
through  downregulating  p2iWAF1/GIP1i  I  MPACT(  Innovative  Minds  in  Prostate 
Cancer  Today)  meeting,  p252,  Orlando,  FL,  Mar  9-12,  2011 

18)  Rong  Liu,  Zhongmei  Zhou,  Jian  Huang,  Ceshi  Chen:  PMEPA1  promotes 
androgen  receptor  negative  prostate  cell  proliferation  through  suppressing  the 
Smad3/4-c-Myc-p21Cip1  signaling  pathway,  Proceedings  of  the  American 
Association  for  Cancer  Research,  Abstract  #1957,  Orlando,  FL,  Apr  9-12,  201 1 

19)  Dong  Zhao,  Xu  Zhi,  Zhongmei  Zhou,  Ceshi  Chen:  TAZ  antagonizes  the  WWP1- 
mediated  KLF5  degradation  and  promotes  breast  cell  proliferation,  Proceedings 
of  the  American  Association  for  Cancer  Research,  Abstract  LB#138,  Orlando,  FL, 
Apr  9-12,  2011 

20) Xu  Zhi,  Dong  Zhao,  Zhongmei  Zhou,  Rong  Liu,  Ceshi  Chen.  YAP  promotes 
breast  cell  proliferation  and  survival  partially  through  stabilizing  the  KLF5 
transcription  factor,  Proceedings  of  the  American  Association  for  Cancer 
Research,  Abstract  LB#137,  Orlando,  FL,  Apr  9-12,  201 1 

21)  Rong  Liu,  Dong  Zhao,  Zhongmei  Zhou,  Ceshi  Chen.  The  induction  of  KLF5 
transcription  factor  by  progesterone  contributes  to  progesterone-induced  breast 
cancer  cell  proliferation  and  de-differentiation,  Proceedings  of  the  American 
Association  for  Cancer  Research,  Abstract  #4544,  Orlando,  FL,  Apr  9-12,  201 1 

3.  Twenty-one  oral  presentations 

1)  Identification  of  E3  ubiquitin  ligases  for  cancer  target  therapy,  Cancer  Institute, 
Chinese  Academy  of  Medical  Sciences,  East  China  Normal  University,  Central 
South  University,  and  Nankai  University,  Nov,  2007 

2)  WWP1  regulates  cell  apoptosis  through  targeting  p63  for  ubiquitin-mediated 
proteasomal  degradation,  International  Symposium  on  Protein  Modification  and 
Degradation  in  Beijing  (SPMDB).  Nov.  4-7,  2007 

3)  E3  ubiquitin  ligases  for  cancer  target  therapy,  Shanghai  Jiaotong  University, 
Hunan  normal  university,  Mar  2008 

4)  E3  ubiquitin  ligases  with  genetic  alterations  for  cancer  target  therapy,  Central 
South  University,  China,  Oct.  2008 

5)  E3  ubiquitin  ligases  with  genetic  alterations  for  cancer  target  therapy,  Nankai 
University,  China,  Oct.  2008 

6)  The  ubiquitination  and  proteasomal  degradation  of  KLF5,  The  first  international 
symposium  on  the  biology  of  the  krupplel-like  factors,  University  of  Tokyo 
auditorium  (Tokyo,  Japan),  Mar  7,  2008 

7)  E3  ubiquitin  ligases  with  genetic  alterations  for  prostate  cancer  target  therapy, 
Daping  Hospital,  Third  Military  Medical  University,  Chongqing,  China,  Oct.  2008 

8)  E3  ubiquitin  ligases  with  genetic  alterations  for  cancer  target  therapy,  Tianjing 
General  Hospital,  China,  Oct.  2008 

9)  E3  ubiquitin  ligases  with  genetic  alterations  for  cancer  target  therapy,  GE 
Research  Center,  Niskayuna,  New  York,  USA,  Oct  15,  2008 
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10)The  KLF5  transcription  factor  in  cancer,  Rensselaer  Polytechnic  Institute,  Albany, 
Jun  2008 

1 1  identification  of  E3  ubiquitin  ligases  for  cancer  target  therapy,  Cancer  Institute, 
Southern  Illinois  University,  Springfield,  IL,  Jan  23,  2009 

12) The  role  of  KLF5  transcription  factor  in  breast  cancer,  Capital  Region  Cancer 
Research  Meeting,  Albany,  NY,  Feb  12,  2009 

13) The  E3  ubiquitin  ligases  as  Novel  Molecular  Targets  in  Breast  Cancer,  BIT’S  2nd 
Annual  World  Cancer  Congress;  Beijing,  China,  2009  Jun  22-25 

14) The  role  of  KLF5  transcription  factor  in  cancer,  Gen*NY*Sis  Center  for 
Excellence  in  Cancer  Genomics,  University  at  Albany,  Albany,  NY,  Aug  21, 2009 

15) The  role  and  regulation  of  KLF5  transcription  factor  in  cancer,  Beijing  Cancer 
Hospital,  Peking  University,  Beijing,  China,  Nov  24,  2009 

16) Targeting  the  KLF5  Transcription  Factor  for  Ubiquitin  Proteasome  Degradation  in 
Cancer,  kaohsiung  medical  university,  TW,  Apr  30,  2010 

17) The  role  and  regulation  of  KLF5  in  cancer,  Institute  of  Biomedical  Sciences,  East 
China  Normal  University,  Apr  28,  2010 

18)  Identification  of  E3  ubiquitin  ligases  for  cancer  diagnosis  and  therapy,  Ordway 
Research  Institute,  Albany,  Jun  24,  2010 

19) E3  ubiquitin  ligases  for  cancer  targeted  therapy,  Sunnybrook  Health  Science 
Center,  Toronto,  CA,  Jul  26,  2010 

20) Targeting  the  KLF5  Transcription  Factor  for  Ubiquitin  Proteasome  Degradation  in 
Breast  Cancer,  BIT’S  3nd  Annual  World  Cancer  Congress  Breast  Cancer 
Conference;  Shanghai,  China,  Apr  25-27,  2010 

21  )The  emerging  role  of  KLF5  transcription  factor  in  Hippo  tumor  suppressor 
pathway,  Nankai  University,  China,  Apr  28.  201 1 

4.  Cell  lines  and  mouse  models 

1)  WWP1  stable  knockdown  PC-3  and  MCF7  cell  lines 

2)  WWP1  overexpressing  22Rv1  cell  lines 

3)  Klf5  conditional  knockout  mouse  model 

4)  HECTD3  knockout  mouse  model 

5.  Funding  applied  for  based  on  work  supported  by  this  award 

1)  American  Cancer  Society  (ACS),  Molecular  Genetics  and  Oncogenes  (MGO) 
“The  Role  of  the  WWP1  E3  Ubiquitin  Ligase  in  Human  Breast  Cancer”. 

(direct  cost),  July  2008  -  Jun,  2012. 

2)  Department  of  Defense  (DOD),  BCRP,  BC075738,  WWP1  targets  ErbB4  for 

ubiquitin-mediated  degradation  in  breast  cancer,  (direct  cost),  Sep  2008- 

Aug  2009. 

3)  The  American  Urological  Association  Foundation  (AUA)  postdoctoral  fellowship 

(Mentor  for  Dr.  Liu,  Rong).  (direct  cost),  Jul  2009-  Jul  201 1 

6.  Employment  or  research  opportunities 

Five  postdoctoral  fellows  have  been  hired  for  this  project.  Additionally,  one  Ph.D. 

graduate  student,  two  MD  students,  and  three  undergraduate  students  have 

accepted  training  in  the  lab  during  this  period. 
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Conclusion 


In  conclusion,  the  completed  research  helps  us  better  understand  the  role  of  WWP1 
and  mechanism  of  WWP1  action  in  prostate  cancer.  In  addition,  we  discovered  that 
PMEPA1  is  an  attractive  therapeutic  target  in  AR  negative  prostate  cancer  and 
HECTD3  is  a  new  oncogenic  E3  ligase  in  human  prostate  cancer.  The  knowledge  will 
help  us  design  better  strategy  for  prostate  cancer  targeted  therapy. 

With  the  support  of  this  award  and  others,  we  delivered  12  manuscripts,  21  meeting 
abstracts,  and  21  oral  presentations  in  last  four  years.  Based  on  this  award,  we  were 
awarded  an  ACS  grant  and  a  DoD  BCRP  concept  grant.  One  postdoctoral  fellow  was 
awarded  the  AUA  fellowship.  One  Ph.D.  graduate  student  was  graduated. 

The  PI  deeply  appreciated  the  funding  from  DoD  PCRP  and  acknowledged  the  funding 
in  all  publications,  abstracts,  and  oral  presentations.  The  PI  thinks  that  this  award  is 
fruitful  and  looks  forward  to  more  collaboration  in  the  future. 
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Abstract  Accumulating  evidence  suggests  that  E3  ubiquitin 
ligases  play  important  roles  in  cancer  development.  In  this 
article,  we  provide  a  comprehensive  summary  of  the  roles  of 
the  Nedd4-like  family  of  E3  ubiquitin  ligases  in  human 
cancer.  There  are  nine  members  of  the  Nedd4-like  E3  family, 
all  of  which  share  a  similar  structure,  including  a  C2  domain 
at  the  N-terminus,  two  to  four  WW  domains  in  the  middle  of 
the  protein,  and  a  homologous  to  E6-AP  COOH  terminus 
domain  at  the  C-terminus.  The  assertion  that  Nedd4-like  E3s 
play  a  role  in  cancer  is  supported  by  the  overexpression  of 
Smurf2  in  esophageal  squamous  cell  carcinoma,  WWP1  in 
prostate  and  breast  cancer,  Nedd4  in  prostate  and  bladder 
cancer,  and  Smurfl  in  pancreatic  cancer.  Because  Nedd4-like 
E3s  regulate  ubiquitin-mediated  trafficking,  lysosomal  or 
proteasomal  degradation,  and  nuclear  translocation  of  mul¬ 
tiple  proteins,  they  modulate  important  signaling  pathways 
involved  in  tumorigenesis  like  TGF|3,  EGF,  IGF,  VEGF, 
SDF-1,  and  TNFa.  Additionally,  several  Nedd4-like  E3s 
directly  regulate  various  cancer-related  transcription  factors 
from  the  Smad,  p53,  KLF,  RUNX,  and  Jun  families. 
Interestingly,  multiple  Nedd4-like  E3s  show  ligase  indepen¬ 
dent  function.  Furthermore,  Nedd4-like  E3s  themselves  are 
frequently  regulated  by  phosphorylation,  ubiquitination, 
translocation,  and  transcription  in  cancer  cells.  Because  the 
regulation  and  biological  output  of  these  E3s  is  such  a 
complex  process,  study  of  the  role  of  these  E3s  in  cancer 

C.  Chen  (El) 

The  Center  for  Cell  Biology  and  Cancer  Research, 

Albany  Medical  College, 

47,  New  Scotland  Ave., 

Albany,  NY  12208,  USA 
e-mail:  chenc@mail.amc.edu 

L.  E.  Matesic 

Department  of  Biological  Sciences,  University  of  South  Carolina, 
Columbia,  SC  29208,  USA 


development  poses  some  challenges.  However,  understand¬ 
ing  the  oncogenic  potential  of  these  E3s  may  facilitate  the 
identification  and  development  of  biomarkers  and  drug 
targets  in  human  cancer. 

Keywords  Nedd4  •  WWP1  •  Smurf  -  AIP4/Itch  •  E3  • 
Ubiquitination  •  Cancer 

Abbreviations 

AIP  atrophin-1  interacting  protein 

AR  androgen  receptor 

BMP  bone  morphogenetic  protein 

CHX  cycloheximide 

CIN85  Cbl-interacting  protein  of  85  KDa 

CISK1  cytokine  independent  survival  kinase  1 

CXCR4  chemokine  (C-X-C  motif)  receptor  4 

DAT  dopamine  transporter 

E6-AP  E6  associated  protein 

HECT  homologous  to  E6-AP  COOH  terminus 

EGFR  epidermal  growth  factor  receptor 

EMT  epithelial-mesenchymal  transition 

ENaC  epithelial  sodium  channel 

EPS  15  epithelial  growth  factor  receptor  substrate  15 
FLIP  FLICE  (pro-caspase-8)-inhibitory  protein 

GR  glucocorticoid  receptor 

Hrs  hepatocyte  growth  factor-regulated  tyrosine 

kinase  substrate 

IGF-1R  insulin-like  growth  factor  1  receptor 

KLF  kruppel-like  factor 

MEF  mouse  embryonic  fibroblasts 

mUb  mono-ubiquitination 

MVB  multi-vesicular  bodies 

Nedd4  the  neural  precursor  cells-expressed  develop- 

mentally  down-regulated  4 
NGF  nerve  growth  factor 
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PR 

progesterone  receptor 

RING 

the  really  interesting  new  gene 

SCF 

Skpl-Cull-F-box;  SDF-1:  stromal  cell-derived 
factor- 1 

SGK 

serum  and  glucocorticoid-inducible  kinase 

Smurf 

Smad  ubiquitin  regulatory  factor 

SOD1 

superoxide  dismutases-1 

T(3R1 

TGF-|3  receptor  1 

Tiull 

TGIF  interacting  ubiquitin  ligase  1 

TNFa 

tumor  necrosis  factor-alpha 

TRAP-6 

translocon-associated  protein  6 

TSG 

tumor  suppressor  genes 

UIM 

ubiquitin  interaction  motif 

UPS 

ubiquitin  proteasome  system 

1  Introduction 

1.1  Ubiquitination,  E3  ligases,  and  cancer 

Protein  ubiquitination  is  a  post-translational  modification 
that  can  direct  proteins  for  degradation  by  the  26S 
proteasome  or  plasma  membrane  proteins  for  endocytosis, 
sorting,  and  destruction  in  the  lysosome.  Ubiquitination  can 
also  mediatate  proteolysis-independent  effects  like  modu¬ 
lation  of  signal  transduction,  transcription,  or  DNA  repair. 
The  differing  fates  of  ubiquitinated  proteins  depend  on  the 
length  and  architecture  of  ubiquitin  chain  [1].  Ubiquitin  is 
an  evolutionarily  conserved  76  amino  acid  protein  that  is 
covalently  conjugated  to  target  proteins.  K48-linked  poly- 
ubiquitin  chains  are  well  known  to  function  in  protein 
degradation  by  the  26S  proteasome.  K63-linked  poly- 
ubiquitin  chains  have  been  proposed  to  function  in  DNA 
repair,  IkB  kinase  activation,  translational  regulation,  and 
endocytosis  [2].  Mono-ubiquitination  (mUb)  has  been 
implicated  in  the  endocytosis  and  trafficking  of  plasma 
membrane  proteins  [3].  Protein  ubiquitination  is  generally 
catalyzed  by  the  sequential  activity  of  three  enzymes:  a 
ubiquitin  activation  enzyme  (El),  ubiquitin  conjugation 
enzymes  (E2s),  and  ubiquitin  ligases  (E3s).  It  has  been  well 
established  that  E3s  control  the  substrate  specificity  in  this 
process.  E3  ubiquitin  ligases  are  important  in  cellular 
regulation  because  E3s  specifically  recognize  a  substrate 
for  modification  temporally  and  spatially.  In  mammalian 
cells,  there  are  more  than  500  E3s.  Most  single  peptide  E3s 
contain  either  a  RING  (the  really  interesting  new  gene) 
finger  domain  or  a  HECT  (homologous  to  E6-AP  COOH 
terminus)  domain. 

E3  ligases  could  be  attractive  targets  for  cancer  therapy 
because  of  their  substrate  specificity.  FDA  approval  of  the 
general  proteasome  inhibitor,  Velcade,  for  the  treatment  of 
multiple  myeloma  speaks  to  the  promise  of  targeting  the 
ubiquitin-proteasome  system  in  anti-cancer  therapy.  How¬ 


ever,  proteasome  inhibitors  are  not  specific  to  cancer  cells, 
and  thus  have  obvious  side  effects.  The  E3  ligases  could  be 
better  targets  for  cancer  therapy  due  to  their  specificity  [4]. 
Indeed,  frequent  genetic  alterations  and  aberrations  in  the 
expression  of  E3s  have  been  documented  in  human  breast 
cancer  [5].  Many  E3s  have  been  identified  as  either  tumor 
suppressors  (i.e.,  BRCA1  and  Fbw7)  or  oncoproteins  (i.e., 
Mdm2  and  Skp2). 

1 .2  Structures  and  members  of  the  Nedd4-like  family 

The  neural  precursor  cells -expressed  developmentally 
down-regulated  4  ( Nedd4 )  gene  encodes  a  HECT  type  E3 
ligase  with  three  functional  domains:  an  N-terminal  C2 
domain  for  membrane  binding,  a  central  region  containing 
WW  domains  for  protein-protein  interaction,  and  a  C- 
terminal  HECT  domain  for  ubiquitin  protein  ligation  [6] 
(Fig.  1).  The  C2  domain  is  a  calcium-binding  domain  that  is 
approximately  120  amino  acids  in  length.  Upon  Ca2+ 
binding,  the  C2  domain  can  bind  to  phospholipids,  inositol 
polyphosphates,  and  some  proteins  [7,  8].  WW  domains  are 
35-40  amino  acid  long  domains  containing  two  conserved 
tryptophan  (W)  residues  spaced  21  amino  acids  apart.  WW 
domains  interact  with  PY(PPXY)  motifs  or  phospho-serine/ 
threonine  residues  in  substrate  proteins  [9].  The  HECT 
domain  is  comprised  of  -350  residues  and  is  responsible 
for  ubiquitin  transfer  from  a  conserved  cysteine  residue  to  a 
lysine  residue  in  a  substrate  protein.  Protein  structures  for 
C2,  WW,  and  HECT  domains  have  also  been  solved 
separately  (reviewed  in  [10]). 

Since  the  original  discovery  of  the  Nedd4  gene,  eight 
related  proteins,  including  Nedd4-2/Nedd4L,  WWP1/ 
Tiull,  WWP2,  AIP4/Itch,  Smurfl,  Smurf2,  HecWl/ 
NEDL1,  and  HecW2/NEDL2  (Table  1)  have  been  identi¬ 
fied  in  human  and  the  mouse.  Although  the  similar 
structure  and  expression  patterns  of  the  Nedd4  family 
members  suggest  functionally  redundant  roles  for  these 
proteins,  recent  studies  have  begun  to  define  specific 
functions  for  individual  members.  The  evolution  of 
Nedd4-like  E3s  has  been  described  in  three  excellent 
review  papers  [11-13].  Here  we  mainly  focus  on  their 
potential  roles  in  cancer. 


I  PPXY  motif  igt 

T  Substrates 

Membra  rua 

Fig.  1  Schematic  diagram  showing  the  structural  organization  of  the 
nine  mammalian  Nedd4-like  E3  ubiquitin  ligases.  The  C2  domain 
translocates  the  protein  to  the  membrane  upon  calcium  binding.  The 
two  to  four  WW  domains  are  known  to  bind  substrate  proteins 
containing  PY  motifs.  The  catalytic  cysteine  within  the  HECT  domain 
is  responsible  for  ubiquitin  transfer 
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2  Genetic  aberrations  and  alterations  in  expression 
of  the  Nedd4-like  E3s  in  human  cancer 

To  date,  the  genetic  data  suggest  that  several  Nedd4-like 
E3s  could  function  as  oncogenic  proteins.  Smurf2,  WWP1, 
Nedd4,  and  Smurfl  have  all  been  found  to  be  overex¬ 
pressed  in  cancer  cells  (Table  1). 

2.1  Smurf2 

Smurf2  has  been  implicated  in  suppressing  TGF  (3  signaling 
by  targeting  Smad2  and  TGF(3  receptor  1  (T[3R1)  for 
ubiquitin-mediated  degradation  [14,  15]  (see  below  in 
detail).  From  immunohistochemical  staining,  Fukuchi  et 
al.  found  that  Smurf2  protein  expression  in  esophageal 
squamous  cell  carcinoma  correlated  with  lack  of  Smad2 
phosphorylation,  depth  of  invasion,  lymph  node  metastasis, 
and  survival  [16].  Thus,  increased  Smurf2  expression 
results  in  more  aggressive  esophageal  squamous  cell 
carcinoma  and  a  poorer  prognosis.  While  TGF (3  is  known 
to  inhibit  epithelial  cell  proliferation,  it  also  stimulates 
proliferation  of  fibroblasts.  Consistent  with  this,  when 


Smurf2  is  overexpressed  in  fibroblasts,  TGF  (3  signaling  is 
inhibited  and  a  senescent  phenotype  results  [17]. 

2.2  WWP1 

The  WWP1  gene  maps  to  8q21,  a  region  that  frequently 
displays  a  gain  of  copy  number  in  human  cancers, 
including  prostate  and  breast  cancer.  The  copy  number 
of  WWP1  was  shown  to  increase  in  44-51%  of  prostate 
and  breast  cancer  cell  lines  [18,  19]  Consistent  with  this 
observation,  the  amplification  of  the  WWP1  gene  was 
confirmed  in  31-41%  of  primary  tumors.  Although 
WWP1  was  also  mutated  in  two  prostate  cancer  samples, 
the  frequency  is  relatively  low.  In  agreement  with  the 
reported  gene  copy  number  gain,  the  expression  of 
WWP1  is  also  upregulated  at  the  mRNA  and  protein 
levels  in  58-60%  of  cancer  samples  from  the  prostate  and 
breast.  The  overexpression  of  WWP1  significantly 
correlated  with  the  gene  copy  number  gain  in  both 
cancer  types  [18,  19]  These  findings  strongly  suggest 
that  WWP1  gene  could  be  an  oncogene  in  prostate  and 
breast  cancer. 


Table  1  The  Nedd-like  E3  ubiquitin  ligases  and  cancer 


E3 

Gene  locus 

Alterations  in  cancer 

Substrates 

Function 

Expression 

Nedd4 

1 5q2 1 

Overexpression  in 

ENaC,  pTEN,  IGF-1R, 

Hypertension, 

Kidney,  liver, 

prostate  and  bladder 

p63,  VEGF-R2,  Cbl-b, 

genome  integrity 

muscle,  brain, 

cancer 

EPS15,  Hrs 

and  heart 

Nedd4-2/ 

1 8q2 1 

Alternative  splicing  in 

ENaC,  TrKA,  T|3R1, 

Hypertension,  TGF|3 

Kidney,  testis, 

Nedd4L 

prostate  and  breast 

Smad2,  Smad4,  EPS  15 

signaling,  apoptosis 

liver,  lung,  brain, 

cancer  cell  lines 

and  heart 

WWPl/Tiull 

8q21 

Amplification  and  over¬ 

T|3R1,  Smad2,  4,  KLF2, 

TGF|3  signaling, 

Heart,  muscle, 

expression  in  prostate 

KLF5,  RUNX2  p53, 

apoptosis,  bone 

placenta,  kidney, 

and  breast  cancer, 

EPS  15 

development 

liver,  pancreas 

alternative  splicing 

and  testis 

WWP2 

16q22.1 

OCT4,  ENaC 

Heart,  brain, 

placenta,  muscle, 
and  pancreas 

AIP4/Itch 

20qll.22- 

NF-E2,  JunB,  c-Jun, 

TGF|3  signaling, 

Heart,  kidney, 

ql  1 .23 

p63,  p73,  RNF11,  Cbl, 

apoptosis,  immuno 

brain,  lung,  spleen, 

EPS15,  Hrs, 

cell  differentiation 

testis,  liver, 

endophilinAl,  CXCR4, 

placenta,  muscle, 

Notch,  C-FLIPl, 

HEF1,  Gli 

and  pancreas 

Smurfl 

7q21.1-q31.1 

Amplified  and 

MEKK2,  RUNX2, 

Cell  motility,  bone 

Placenta,  pancreas, 

overexpressed  in 

RUNX3,  Smadl-5, 

development  TGF  (3/ 

and  testis 

pancreatic  cancer 

RhoA 

BMP  signaling 

Smurf2 

17q22-23 

Overexpressed  in 

T|3R1,  SnoN,  Smadl,  2, 

TGF|3  signaling, 

esophageal  squamous 

4,  5,  RUNX2,  RUNX3, 

Senescence,  bone 

cell  carcinoma 

RNF11 

development 

HecWl/NEDLl 

7p  14. 1  -p  1 3 

Differential  expression 

SOD1,  Dvll 

Protein  quality  control, 

in  neuroblastoma 

Wnt  signaling 

HecW2/NEDL2 

2q32.3-q33.1 

p73 
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Functional  analysis  of  WWP1  further  supports  the  notion 
that  WWP1  promotes  prostate  and  breast  epithelial  cell 
proliferation  and  survival  [18,  19].  RNAi  mediated  WWP1 
knockdown  significantly  suppressed  PC-3,  BT474,  MCF7, 
and  HCC1500  cancer  cell  proliferation.  In  the  latter  two 
breast  cancer  cell  lines,  WWP1  inhibition  caused  significant 
amounts  of  cell  apoptosis  [19].  Our  results  are  consistent 
with  two  previous  reports  that  shRNA  directed  against 
WWPl/Tiull  (TGIF  interacting  ubiquitin  ligase  1)  sensi¬ 
tizes  kidney-derived  MDCK  cells  to  TGF(3-induced  growth 
arrest  [8]  and  WWP1  siRNA  decreased  cell  viability  of 
kidney-derived  HEK293T  cells  [20].  In  contrast,  forced  over¬ 
expression  of  WWP1  in  two  immortalized  breast  epithelial 
cell  lines,  MCF10A  and  184B5,  enhances  cell  proliferation 
[19].  Interestingly,  WWP1  appears  to  promote  cell  prolifera¬ 
tion  in  a  manner  independently  of  ligase  activity  [19]. 

CeWWPl  is  essential  for  Caenorhabditis  elegans  devel¬ 
opment  [21].  However,  Wwpl  knockout  mice  are  viable  and 
fertile  with  no  gross  or  histological  abnormalities,  suggesting 
that  there  is  functional  redundancy  among  members  of  the 
Nedd4  family.  In  support  of  this  hypothesis,  the  combination 
of  loss-of-function  Wwpl  and  Itch  results  in  postnatal 
lethality  within  72  h  of  birth  due  to  lung  hemorrhage 
(Matesic  et  al.,  manuscript  in  preparation).  Since  WWP1  is 
amplified  and  overexpressed  in  prostate  and  breast  cancer, 
tissue  specific  transgenic  mouse  models  may  better  mimic 
the  genetic  alteration  of  WWP1  in  human  cancer. 

Similar  to  the  genetic  alteration  of  WWP1  in  breast  and 
prostate  carcinomas,  the  Smurf  1  gene,  mapping  to  7q21.1- 
31.1,  was  reported  to  be  amplified  and  overexpressed  in 
pancreatic  cancer  [22,  23].  Most  recently,  Nedd4  was 
specifically  shown  to  be  upregulated  in  invasive  bladder 
cancer  and  to  negatively  regulate  pTEN  activity  [24]  (See 
below  in  detail). 

3  The  Nedd4-like  E3s  regulate  membrane  growth  factor 
receptors 

The  first  substrate  identified  for  Nedd4  was  the  epithelial 
sodium  channel  (ENaC),  which  plays  an  important  role  in 
hypertension  [25].  The  regulation  of  ENaC  by  Nedd4-like  E3s 
has  been  studied  extensively.  Nedd4-2  null  mice  develop 
hypertension  due  to  the  lack  of  ENaC  downregulation  [26].  A 
growing  body  of  evidence  suggests  that  Nedd4-like  E3s  also 
regulate  endocytosis  and  degradation  of  multiple  growth 
factor  receptors,  including  insulin-like  growth  factor  1  receptor 
(IGF-1R),  vascular  endothelial  growth  factor  receptor  2 
(VEGF-R2),  chemokine  (C-X-C  motif)  receptor  4  (CXCR4), 
Notch,  T[3R1,  epidermal  growth  factor  receptor  (EGFR),  and 
the  Trk  receptor.  These  growth  factor  receptors  play  important 
roles  in  tumorigenesis.  The  deregulation  of  these  receptors 
results  in  cell  transformation  and  invasive  growth. 


It  is  well  established  that  many  growth  factor  receptors 
undergo  ligand-dependent  endocytosis  and  degradation  in 
lysosomes.  This  is  one  of  the  most  important  cellular 
mechanisms  to  prevent  continuous  receptor  activation  in 
response  to  growth  factor  ligands.  Receptors  are  usually 
recruited  to  clathrin-coated  pits  and  internalized  into  the 
early  endosome.  Internalized  receptors  are  either  recycled 
back  to  the  plasma  membrane  or  sorted  to  multi-vesicular 
bodies  (MVB)  and  subsequently  to  the  lysosome  for 
degradation.  It  is  the  ubiquitin  moiety  that  serves  as  a 
sorting  signal  for  receptor  endocytosis  and  sorting 
(reviewed  in  Hicke  and  Dunn  [3]). 

3.1  The  Nedd4-like  E3s  regulate  the  degradation 
of  multiple  membrane  receptors 

3.1.1  TGF/3  receptor  1 

Smurfl,  Smurf2,  WWP1,  Nedd4-2,  and  AIP4  have  been 
found  to  negatively  regulate  the  TGF|3  signaling  pathway 
(reviewed  in  Izzi  and  Attisano  [27]).  It  is  well  documented 
that  the  TGF|3  signaling  pathway  regulates  epithelial  cell 
proliferation,  differentiation,  migration,  and  apoptosis  [28]. 
Transformed  epithelial  cells  usually  lose  sensitivity  to 
TGF  (3 -induced  inhibition.  In  contrast,  TGF[3  can  promote 
cancer  cell  invasion  and  metastasis  at  late  stages.  Several 
Nedd4-like  E3s  induce  ubiquitination  and  degradation  of 
T(3R1,  a  receptor  serine/threonine  kinase.  Since  T[3R1  does 
not  have  a  PY  motif,  Smad7  was  reported  to  function  as  an 
adaptor  for  Smurfl  [29,  30],  Smurf2  [15],  Nedd4-2  [31], 
and  WWP1  [32]  to  recruit  T|3R1  for  ubiquitination. 
Recently,  AIP4  and  WWP1  were  demonstrated  to  promote 
formation  of  Smad7/T|3R1  complex  through  a  ubiquitin- 
independent  mechanism  [33].  In  parallel,  Smurfl  also 
targets  bone  morphogenetic  protein  (BMP)  type  1  receptor 
for  degradation  [34],  BMP  receptors  are  known  to  utilize 
some  of  the  same  Smads  for  signal  transduction.  These 
Smads  are  also  targeted  by  Nedd4-like  E3s  for  ubiquitin- 
mediated  proteasomal  degradation  (See  below  in  detail). 

3.1.2  Notch  receptors 

AIP4/Itch  was  documented  to  negatively  regulate  the 
Notch  1  receptor.  Notch  is  an  important  transmembrane 
receptor  that  regulates  cell  fate  and  oncogenesis.  Misregu- 
lation  of  Notch  toward  either  direction  is  associated  with 
tumor  formation  [35,  36].  Upon  ligand  binding,  the  Notch 
receptor  is  cleaved  and  the  soluble  cytoplamic  domain 
translocates  into  the  nucleus  to  activate  gene  transcription. 
Recent  observations  have  demonstrated  the  importance  of 
Notch  endocytosis  and  degradation  by  multiple  ubiquitin 
ligases.  Itch  was  first  shown  to  mono-  and  polyubiquitinate 
Notch  1  [37].  Itch  can  directly  bind  to  the  N-terminal  region 
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of  the  Notch  1  receptor,  which  has  no  PY  motif  [37]. 
Interestingly,  Itch-mediated  Notch  ubiquitination  and  deg¬ 
radation  can  be  enhanced  by  Numb  [38].  Further,  it  was 
recently  discovered  that  the  increased  amounts  of  full 
length  Notch  1  found  in  itchy  mice  can  generate  an  AKT- 
cell  survival  signal  that  contributes  to  the  genesis  of 
autoimmune  disease  [39].  This  increase  in  full  length 
Notch  1  was  specific  to  the  activity  of  Itch,  as  similar 
changes  in  Notch  1  levels  were  not  observed  in  loss-of- 
fiinction  Wwpl  animals  (LE  Matesic,  NG  Copeland,  and 
NA  Jenkins,  unpublished  observations).  Accumulating 
evidence  from  C.  elegans  and  Drosophila  also  support  the 
hypothesis  that  Nedd4-like  E3s  inhibit  Notch  signaling. 
CeWWPl  has  been  shown  to  promote  Notch  degradation 
but  not  internalization  [40].  In  Drosophila,  dNedd4  and  Su 
(dx)  were  shown  to  negatively  regulate  Notch  by  directly 
ubiquitinating  the  receptor  and  altering  the  amount  of  full 
length  Notch  available  at  the  cell  surface  [41].  In  addition 
to  the  Notch  receptor,  Itch  was  reported  to  promote 
ubiquitination  and  lysosomal  degradation  of  DTX,  a  RING 
finger  E3  that  has  been  shown  to  promote  Notch  signaling 
in  certain  cellular  contexts  [42]. 

3.1.3  Insulin-like  growth  factor  1  receptor 

Nedd4  was  reported  to  downregulate  IGF-1R  [43].  IGF-1R 
has  been  implicated  in  the  initiation  and  development  of 
many  different  human  cancers  [44].  It  is  also  a  promising 
drug  target  because  many  tumor  cells  undergo  apoptosis 
when  the  IGF-1R  is  downregulated  [45].  Vecchione  and 
colleagues  found  that  Nedd4  forms  a  complex  with  GrblO 
and  IGF-1R  in  mouse  embryo  fibroblasts  (MEF).  This 
interaction  is  mediated  by  the  SH2  domain  of  GrblO  and 
the  C2  domain  of  Nedd4  [46].  Interestingly,  IGF-1R,  but 
not  GrblO,  was  shown  to  be  ubiquitinated,  suggesting  that 
GrblO  serves  as  an  adaptor  to  mediate  the  interaction 
between  Nedd4  and  IGF-1R.  In  support  of  this  notion, 
overexpression  of  a  catalytically  inactive  form  of  Nedd4 
decreased  IGF-1R  ubiquitiantion  and  degradation  upon 
IGF-1  stimulation  [43]. 

3.1.4  Vascular  endothelial  growth  factor  receptor  2 

Nedd4  was  also  demonstrated  to  downregulate  VEGF-R2 

[47] .  VEGF  is  an  important  angiogenic  factor  which 
stimulates  cell  proliferation,  migration,  and  angiogenesis 

[48] .  Binding  of  VEGF  to  the  tyrosine  kinase  receptor 
VEGF-R2  induces  receptor  dimerization,  autophosphoryla¬ 
tion,  and  signaling.  VEGF-R2  is  also  ubiquitinated  in 
response  to  VEGF.  Overexpression  of  Nedd4  was  shown 
to  promote  VEGF-R2  degradation  [47].  Murdaca  et  al., 
proposed  that  Nedd4  indirectly  regulates  the  ubiquitination 
of  VEGF-R2  in  response  to  VEGF  because  ectopic  over¬ 


expression  of  a  catalytically  inactive  form  of  Nedd4  does 
not  inhibit  VEGF-R2  ubiquitination  [47].  Interestingly, 
GrblO  was  confirmed  to  interact  with  Nedd4  in  this  study. 
In  contrast  to  the  role  of  GrblO  in  the  ubiquitination  of  IGF- 
1R  by  Nedd4,  overexpression  of  GrblO  suppressed  the 
degradation  of  VEGF-R2  by  Nedd4.  However,  whether 
Nedd4  regulates  IGF-1R  and  VEGF-R2  degradation  under 
physiological  conditions  remains  to  be  determined. 

3.1.5  Chemokine  (C-X-C  motif  receptor  4 

AIP4  was  shown  to  downregulate  CXCR4  [49].  Binding  of 
stromal  cell-derived  factor- 1  (SDF-1)  to  the  G  protein 
coupled  receptor  CXCR4  activates  a  variety  of  intracellular 
signal  transduction  pathways  that  promote  cell  survival, 
proliferation,  chemotaxis,  migration  and  adhesion  [50]. 
Overexpression  of  CXCR4  in  tumor  cells  is  strongly 
associated  with  increased  metastatic  potential  [51].  AIP4, 
but  not  Nedd4  and  Nedd4-2,  specifically  promotes  SDF-1 
induced  CXCR4  mUb  and  lysosomal  degradation  [49].  It 
was  proposed  that  AIP4  indirectly  regulates  CXCR4 
through  hepatocyte  growth  factor-regulated  tyrosine  kinase 
substrate  (Hrs)  and  Vps4  [49]. 

3.1.6  Epithelial  growth  factor  receptors 

There  is  some  data  suggesting  that  Nedd4-like  E3s  can 
regulate  EGFRs,  although  these  data  are  far  from  conclu¬ 
sive.  It  is  well  established  that  the  abnormal  activation  of 
the  EGF  pathway  is  a  common  theme  in  epithelial  cancer 
[52].  Although  genetic  amplification  and  mutation  are 
involved  in  over-activation  of  the  EGFR  family,  misregu- 
lation  of  the  degradation  of  this  family  also  contributes  to 
cancer  development.  It  has  been  shown  that  Nedd4  inhibits 
EGF-independent  EGFR  endocytosis  and  degradation 
through  its  antagonization  of  Cbl-b,  a  RING  E3  that 
normally  functions  to  monoubiquitinate  the  EGFR  and 
target  it  for  turn  over  by  the  lysosome  [53].  It  has  also  been 
proposed  that  Nedd4  regulates  ligand-independent  EGFR 
degradation  by  ubiquitinating  Hrs  [54].  Thus,  by  these 
mechanisms,  Nedd4  effectively  increases  the  amount  of 
EGFR  available  at  the  cell  surface,  and  lowers  the  required 
signaling  threshold.  AIP4/Itch  has  also  been  shown  to 
interact  with  Cbl-c  [53,  55].  Angers  et  al.,  found  that  Itch 
regulates  EGFR  by  ubiquitinating  endophilin  Al  [56].  In 
contrast,  Marchese  and  colleagues  observed  that  AIP4 
siRNA  has  no  effect  on  EGF  induced  EGFR  endocytosis 
and  degradation  in  HeLa  cells  [49].  Most  recently,  Itch  was 
shown  to  target  Erbb4  for  degradation  [57]. 

In  addition  to  the  receptors  noted  above,  nerve  growth  factor 
(NGF)-dependent  TrkA  receptor  [58]  was  reported  to  be  a 
substrate  of  Nedd4-2.  Nedd4-2  was  demonstrated  to 
constitutively  bind  to  an  unphosphorylated  PY  motif  on 
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TrkA  through  its  WW  domains.  Interestingly,  Nedd4— 2 
overexpression  caused  apoptosis  of  NGF-dependent  neurons. 

The  data  reviewed  here  indicate  that  a  number  of 
receptors  or  membrane  proteins  are  regulated  by  Nedd4- 
like  E3s.  Some  of  these  results  require  further  validation 
since  the  overexpression  of  Nedd4-like  E3s  can  induce 
profound  consequences  on  the  intracellular  trafficking 
machinery  (see  below).  It  is  therefore  essential  that  the 
results  obtained  from  such  experiments  be  validated  with 
RNAi  and  in  vivo  approaches.  Further,  there  is  the 
consideration  of  how  the  Nedd4-like  E3  function  in  a  given 
cellular  context.  Signaling  pathways  targeted  by  the  Nedd4- 
like  E3s,  including  the  TGF|3  and  Notch  pathways,  play 
context-dependent  roles  in  tumorigenesis.  Therefore,  the 
action  of  an  individual  Nedd4-like  E3  in  cancer  could  also 
be  context-dependent. 

3.2  The  Nedd4-like  E3s  regulate  the  endocytosis  machinery 

The  molecular  determinants  mediating  the  recruitment  of 
various  Nedd4-like  E3  to  different  membrane  receptors  are 
not  clear.  Some  Nedd4-like  E3s  have  been  demonstrated  to 
directly  ubiquitinate  growth  factor  receptors.  However, 
under  normal  conditions,  Nedd4-like  E3s  do  not  directly 
interact  with  these  receptors.  Nedd4-like  E3s  have  been 
shown  to  ubiquitinate  multiple  members  of  the  endocytosis 
machinery  such  as  Cbls,  Endophilin  Al,  epithelial  growth 
factor  receptor  substrate  15  (EPS  15),  Hrs,  and  N4WBPs. 

3.2.1  Cbls 

The  RING  finger  E3  ligases  Cbl-b  and  Cbl-c  are  regulated 
by  Nedd4  and  AIP4  [53,  55].  The  endocytosis  and 
degradation  of  EGFR  have  been  extensively  studied. 
Binding  of  EGF  to  EGFR  results  in  dimerization  and 
autophosphorylation  of  several  tyrosine  residues  in  the 
cytoplasmic  tail  of  the  EGFR.  The  phosphorylation  of 
EGFR  at  Tyrl045  provides  a  binding  site  for  the  SH2 
domain  of  the  Cbl  E3  ligases  [59].  Subsequently,  Cbls  are 
phosphorylated  and  activated  to  monoubiquitinate  the 
EGFR.  This  step  was  proved  to  be  necessary  and 
sufficient  for  EGFR  endocytosis  and  degradation.  Addi¬ 
tionally,  Cbls  are  negative  regulators  of  several  receptor 
tyrosine  kinases  such  as  PDGFR  [60]  and  c-Met  [61]. 
Nedd4  was  reported  to  directly  ubiquitinate  Cbl-b  and 
target  it  for  proteasomal  degradation.  This  has  the  effect 
of  concomitantly  blocking  Cbl-b  mediated  EGFR  endo¬ 
cytosis  and  degradation  [53]. 

3.2.2  Endophilin 

The  endophilin-Cbl-interacting  protein  of  85  KDa  (CIN85)- 
Cbl  complex  is  required  for  ligand- stimulated  receptor 


internalization  [61,  62].  Angers  et  al.  found  that  AIP4 
interacts  with  and  ubiquitinates  Endophilin  Al  at  the 
endosome  upon  EGF  treatment  [56].  This  finding  is  also 
supported  by  a  study  in  yeast.  Rvsl67p  and  Slalp, 
orthologues  of  the  mammalian  endophilin  and  CIN85 
proteins,  were  shown  to  be  ubiquitinated  by  Rsp5p  (the 
only  ortholog  of  the  mammalian  Nedd4-like  E3s  in  yeast 
Saccharomyces  cerevisiae)  [63].  Ubiquitination  of  Endo¬ 
philin  and  CIN85  may  affect  rapid  EGFR  internalization 
because  these  proteins  play  an  important  role  in  regulating 
clathrin-coated  vesicle  budding. 

3.2.3  Epithelial  growth  factor  receptor  substrate  15 

EPS  15  is  regulated  by  multiple  Nedd4-like  E3s.  It  has  been 
reported  that  ubiquitinated  EGFR  can  be  recognized  by  the 
ubiquitin-binding  protein  EPS  15  or  by  Epsin,  which 
promotes  EGFR  internalization  to  the  early  endosome 
[64].  Interestingly,  EPS  15  and  Epsin  undergo  mUb  medi¬ 
ated  by  their  own  ubiquitin  interaction  motif  (UIM)  [65, 
66].  Recently,  mUb  was  proposed  to  inactivate  the  function 
of  EPS  15  since  the  intermolecular  interaction  between 
ubiquitin  and  the  UIM  supplants  the  association  between 
the  ubiquitinated  receptor  and  the  UIM  [67].  Nedd4, 
Nedd4-2,  AIP4,  and  WWP1,  but  not  WWP2,  were  reported 
to  ubiquitinate  EPS  15  [66].  We  found  that  WT  WWP1,  but 
not  the  C890A  mutant,  specifically  increased  EPS  15 
ubiquitination  (Fig.  2).  EPS  15  does  not  contain  a  PY  motif. 
Instead,  it  was  proposed  that  the  ubiquitination  of  an  E3 
ligase  itself  provides  a  platform  for  EPS  15  binding  to  the 
E3  through  their  UIM  domain  [66].  Most  recently,  the  E3 
ligase  Parkin  was  reported  to  mono-ubiquitinate  EPS  15  and 
delay  EGFR  degradation  [68].  The  Nedd4-family  of  E3s 
may  also  decrease  EGFR  endocytosis  through  a  similar 
mechanism,  although  this  hypothesis  awaits  more  direct 
experimental  proof. 

WWP1  + 

WWP1C89QA  + 
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Fig.  2  WWP1  ubiquitinates  EPS  15.  WT  or  catalytic  inactive 
WWP1C890A  were  co-transfected  with  FLAG  tagged  EPS  15  (kindly 
provided  by  Dr.  Ivan  Dikic)  and  HA  tagged  Ub  into  HEK293T- 
derived  LinX  cells  in  60-mm  plates.  Cell  lysates  were  immunopreci- 
pitated  with  FLAG-M2  beads  (Sigma)  under  denaturing  conditions 
and  detected  using  the  anti-HA  antibody.  Five  percent  of  the  cell 
lysate  used  in  the  immunoprecipitation  was  loaded  on  a  gel  for 
Western  blot  analysis  with  anti-FLAG  and  anti-WWPl  antibodies 
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3.2.4  Hepatocyte  growth  factor-regulated  tyrosine  kinase 
substrate 

In  addition  to  the  Cbls,  Endophilin,  and  EPS  15,  Nedd4  and 
AIP4  have  also  been  shown  to  ubiquitinate  Hrs,  another 
ubiquitin-binding  protein  [49,  54].  Upon  delivery  to  early 
endosome,  the  EGFR  is  either  recycled  back  to  the  plasma 
membrane  or  sorted  to  MVB  and  then  the  lysosome.  Hrs 
was  found  to  promote  the  sorting  of  EGFR  and  CXCR4  to 
the  lysosome  for  degradation  [49,  54]. Similar  to  EPS  15, 
mUb  of  Hrs  by  Nedd4  or  AIP4  may  cause  the  loss  of  Hrs 
endocytic  activity  by  the  intramolecular  interaction  between 
the  ubiquitin  and  UIM.  Interestingly,  yeast  two  hybrid 
analysis  demonstrated  that  Hrs  does  not  interact  with 
WWP1  and  WWP2  [20],  indicating  a  specificity  in  this 
effect. 

3.2.5  N4WBPs 

Furthermore,  Nedd4-like  E3s  may  regulate  several  other 
proteins  in  the  MVB  or  Golgi  network  such  as  N4WBP4/ 
PMEPA1  [69],  N4WBP5  (Ndfipl)  [70],  and  N4WBP5A 
(Ndfip2)  [71].  All  of  these  Nedd4-interacting  proteins 
contain  PY  motifs.  Nedd4,  Nedd4-2,  WWP2,  AIP4,  but 
not  Smurf  1,  were  shown  to  interact  with  N4WBP5A  [71]. 
N4WBP5A  protein  was  shown  to  regulate  EGFR  endocy- 
tosis  in  HeLa  cells  [71].  Additionally,  Nedd4  and  Nedd4-2 
ubiquitinate  N4WBP5A  but  do  not  target  N4WBP5A  for 
degradation.  Interestingly,  the  expression  of  N4WBP4/ 
PMEPA1  is  induced  by  androgen  and  downregulated  in 
prostate  cancer,  and  its  tumor  suppressor  function  requires 
the  PY1  motif  [69].  It  was  proposed  that  PMEPA1  serves  as 
an  adaptor  that  allows  Nedd4  to  recruit  androgen  receptor 
(AR)  for  ubiquitination  and  degradation  [69].  This  negative 
regulatory  loop  may  be  disrupted  in  prostate  cancer  due  to 
the  loss  of  expression  of  PMEPA1  [72].  Whether  Nedd4-like 
E3s  regulate  receptors  by  ubiquitinating  N4WBP  proteins 
under  physiological  conditions  needs  to  be  investigated  further. 

AIP4  and  Smurf2  were  found  to  interact  with  the  RING 
finger  E3  ligase  RNF11  [73,  74].  RNF11  has  also  been  found 
to  localize  to  MVB  and  to  promote  EGFR  endocytosis  and 
degradation  [75].  Thus,  we  speculate  that  Nedd4-like  E3s 
regulate  receptor  trafficking  via  multiple  mechanisms  by 
targeting  proteins  involved  in  endocytosis  such  as  Cbls, 
EPS  15,  Hrs,  N4WBP5,  or  RNF11.  Importantly,  these  lines  of 
evidence  imply  that  Nedd4-like  E3s  upregulate  EGFR. 
However,  direct  experimental  evidence  in  support  of  this 
hypothesis  is  still  lacking.  Regardless  of  the  mechanism,  it  is 
well  documented  that  impaired  downregulation  of  growth 
factor  receptors  is  strongly  associated  with  cancer  [76].  It  will 
be  interesting  to  see  whether  Nedd4-like  E3s  promote  cancer 
development  by  regulating  the  degradation  of  multiple 
growth  factor  receptors. 


4  Regulation  of  cancer-related  transcription  factors 

Multiple  cancer-related  transcription  factors  are  regulated 
by  the  Nedd4-like  E3s  through  ubiquitin-mediated  degra¬ 
dation  and  relocalization.  Since  transcription  factors  regu¬ 
late  the  transcription  of  numerous  genes,  the  abnormal 
regulation  of  those  same  factors  plays  an  important  role  in 
tumorigenesis.  The  first  hint  that  Nedd4-like  E3s  regulate 
transcription  factors  came  from  the  observation  that  the 
localization  of  these  E3s  is  shuttling  from  the  cytoplasm  to 
the  nucleus.  In  recent  years,  Nedd4-like  E3s  have  been 
demonstrated  to  regulate  multiple  transcription  factor 
families,  such  as  Smad,  p53,  kruppel-like  factor  (KLF), 
RUNX,  and  Jun. 

4.1  Smad  family 

It  is  well  established  that  Smad  proteins  play  crucial  roles  in 
the  TGF(3  and  BMP  signaling  pathways.  The  activated 
TGF|3  receptors  phosphorylate  Smad2  and  Smad3.  Then, 
phosphorylated  Smad2  and  Smad3  form  complexes  with 
Smad4  and  translocate  into  the  nucleus  to  regulate  gene 
transcription.  The  TGF(3  pathway  plays  an  important  role  in 
tumor  development.  Consistent  with  this  hypothesis,  Smad4 
is  frequently  inactivated  in  a  variety  of  cancer  types  [77]. 

Nedd4-like  E3s  target  several  Smad  proteins  for  ubiquitin- 
mediated  degradation.  All  Smads  except  for  Smad4  and 
Smad8  contain  a  PY  motif.  Not  surprisingly,  Smurfl,  Smurf2, 
and  WWP1  directly  interact  with  all  Smads  (except  Smad4 
and  Smad8)  with  slightly  different  affinities  [8,  32]. 
Smurfl  and  Smurf2  have  been  reported  to  target  Smadl, 
Smad2,  and  Smad5  for  degradation  [14,  78-81].  WWP1  has 
also  been  demonstrated  to  promote  Smad2  ubiquitin- 
mediated  degradation  [8,  82].  Komuro  et  al.  found  that 
WWP1  can  ubiquitinate  Smad6  and  Smad7  but  not  Smad2 
[32].  In  fact,  Smad2  ubiquitination  by  WWPl/Tiull  requires 
TGIF  and  TGF(3  signaling  [8].  Thus,  Nedd4-like  E3s 
strongly  inhibit  the  TGF(3  and  BMP  signaling  pathways  by 
targeting  Smads  for  degradation. 

Several  Smad  proteins  have  been  reported  to  serve  as 
adaptors  for  Nedd4-like  E3s  in  the  targeting  of  substrates 
for  ubiquitination.  For  example,  Komuro  and  colleagues 
demonstrated  that  Smad7  helps  WWP1  and  Smurfl  recruit 
T(3R1  [8,  32].  However,  whether  the  Smad7  adaptor  protein 
is  ubiquitinated  by  WWP1  or  not  is  controversial  [8,  32]. 
Smad7  was  also  demonstrated  to  function  as  an  adaptor  for 
Smurf2  in  targeting  [3-catenin  for  degradation  [83].  Similar 
to  what  has  been  observed  with  Smad7,  Moren  et  al.  found 
that  Smad2  functions  as  an  adaptor  for  WWP1  in  the 
ubiquitination  of  Smad4  [8,  84].  The  use  of  Smads  as 
adaptors  has  also  been  noted  with  other  members  of  the 
Nedd4  family  of  E3  ligases.  For  instance,  Smurf2  uses 
Smad2  as  an  adaptor  to  target  SnoN  [85].  Similarly,  Smurfl 
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and  WWP1  use  Smad6  as  an  adaptor  to  target  RUNX2  for 
degradation  [86].  Itch  uses  Smad3  to  target  Cas130  family 
protein  HEF1  for  degradation  [87].  The  usage  of  adaptor 
proteins  makes  the  regulation  of  the  TGF(3  pathway  more 
fine-tuned  and  also  expands  the  repertoire  of  substrates  for 
Nedd4-like  E3s. 

4.2  p53  family 

The  p53  transcription  factor  is  the  most  extensively  studied 
tumor  suppressor  in  human  cancer.  p53  activation  up- 
regulates  growth  arrest-  and  apoptosis-related  genes  in 
response  to  stress  signals,  thereby  leading  to  either  cell 
cycle  arrest,  senescence,  or  apoptosis  [88].  Two  p53 
homologues,  p63  and  p73,  have  overlapping  and  distinct 
functions  in  the  regulation  of  gene  expression  [89].  Indeed, 
both  p73  and  p53  can  be  induced  by  DNA  damage  and 
activate  some  common  genes  to  suppress  growth  or  induce 
apoptosis.  Accumulating  evidence  supports  the  idea  that  the 
full-length  transactivation  (TA)  isoforms  (i.e.,  those  con¬ 
taining  the  TA  domain)  of  p63  and  p73  have  pro-apoptotic 
properties,  whereas  the  AN  isoforms  of  p63  and  p73 
generally  have  anti-apoptotic  properties  [90].  The  AN 
isoforms  of  p63  and  p73  have  also  been  shown  to  suppress 
cell  proliferation  [91,  92].  The  p53  family  of  transcription 
factors  are  tightly  regulated  by  multiple  mechanisms 
including  ubiquitin-mediated  degradation  and  subcellular 
relocalization  [90,  93,  94]. 

WWP1  was  shown  to  ubiquitinate  p53,  the  major  form 
being  mUb  [95].  It  is  well  established  that  Mdm2  can 
mono-ubiquitinate  p53  which  results  in  the  exportation  of 
nuclear  p53  to  the  cytoplasm  [96].  Nuclear  export  of  p53 
can  also  be  mediated  by  WWP1  [95].  Consequently,  p53 
transcriptional  activity  is  inhibited  by  WWP1,  despite 
elevations  in  the  p53  protein  level  [95]. 

The  Nedd4-like  E3  NEDE2/HecW2  was  identified  as  the 
first  E3  that  binds  and  ubiquitinates  p73  via  a  WW/PY 
interaction  [97].  However,  NEDE2  does  not  bind  to  p53, 
which  lacks  the  PY  motif.  NEDE2  has  been  shown  to 
stabilize  p73  and  increase  its  transcriptional  activity 
although  the  precise  mechanism  by  which  this  occurs 
remains  unclear  [97].  It  was  also  reported  that  Itch  targets 
p73  for  ubiquitin-mediated  proteasomal  degradation  [98, 
99].  In  contrast  to  NEDE2,  Itch  negatively  regulates  the 
transcriptional  activity  of  p73  [98].  It  was  proposed  that 
Itch  is  rapidly  downregulated  upon  DNA  damage,  allow¬ 
ing  the  TA-p73  protein  to  accumulate  and  induce  cell 
growth  arrest  and  apoptosis  [98].  Recently,  YAP1  was 
demonstrated  to  stabilize  p73  by  displacing  Itch  binding  to 
p73  [100]. 

In  addition  to  p53  and  p73,  p63  activity  has  also  been 
shown  to  be  modulated  by  Nedd4  [101]  and  Itch  [102- 
104].  Itch  interacts  with  TA-p63  and  ANp63  via  a  WW/PY 


interaction  and  targets  them  for  ubiquitin-mediated  protea¬ 
somal  degradation  [103].  However,  whether  Nedd4-like 
E3s  modulate  tumor  development  through  the  regulation  of 
the  abundance  of  various  p63  and  p73  isoforms  has  not  yet 
been  determined. 

4.3  KEF  family 

KLF  is  a  transcription  factor  family  which  consists  of  over  20 
members  in  humans,  and  is  structurally  characterized  by  three 
tandem  zinc-finger  domains  at  the  C-terminus  [105,  106].  The 
members  of  this  family  form  a  network  that  regulates  a 
diverse  range  of  biological  processes,  including  cellular 
proliferation,  cell  cycle,  apoptosis,  differentiation,  and 
angiogenesis  [105,  106].  Several  members  of  the  KEF 
family,  such  as  KFF2  [107]  and  KFF5  [108],  have  been 
implicated  in  the  development  of  a  variety  of  human  cancers. 

In  2001,  work  from  Jerry  Fingrel’s  laboratory  first 
suggested  that  WWP1  inhibits  the  transcriptional  activity 
of  KFF2  [109].  KFF2  inhibits  cell  growth  [107],  angio¬ 
genesis  [110],  and  sensitizes  cells  to  DNA  damage-induced 
apoptosis  [111].  Further  investigation  revealed  that  WWP1 
targets  KFF2  for  ubiquitin-mediated  proteasomal  degrada¬ 
tion.  The  inhibitory  domain  of  KFF2  is  essential  for 
interacting  with  WWP1  because  KFF2  has  no  PY  motif. 
Surprisingly,  WWP1  promotes  KFF2  ubiquitination  inde¬ 
pendent  of  E3  ligase  activity  and  may  serve  as  an  adaptor  to 
recruit  another  E3  ligase. 

Recently,  KFF5  was  demonstrated  to  be  a  substrate  of 
WWP1.  KFF5  is  a  key  regulator  of  embryonic  development, 
tissue  remodeling,  angiogenesis,  adipoctye  differentiation, 
epidermal  development  and  tumorigenesis.  The  KFF5  protein 
turns  over  rapidly  via  the  ubiquitin-proteasome  pathway 
[112].  This  is  mediated  by  WWP1,  which  specifically 
interacts  with  KFF5  via  the  PY  motif  of  KFF5  and  targets 
KFF5  for  proteasomal  degradation  [113].  Interestingly,  the 
expression  of  WWP1  is  negatively  correlated  with  KFF5 
protein  expression  in  human  prostate  and  breast  cancer. 
Although  the  exact  role  of  KFF5  in  cancer  remains  to  be 
elucidated,  these  findings  suggest  that  WWP1  may  contribute 
to  tumorigenesis  through  promoting  KFF5  ubiquitination  and 
degradation. 

4.4  RUNX  family 

The  three  mammalian  Runt  homology  domain  transcription 
factors  (RUNX1,  RUNX2,  RUNX3)  control  genes  involved 
in  the  differentiation  of  distinct  tissues.  The  RUNX  family 
can  also  function  as  cell  context-dependent  tumor  suppres¬ 
sors  or  oncogenes.  Both  RUNX2  and  RUNX3  contain 
conserved  PY  motifs. 

RUNX2  is  a  bone-specific  transcription  factor  that 
functions  in  regulating  bone  development  and  metastasis 
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[114].  RUNX2  is  frequently  overexpressed  in  invasive 
breast  and  prostate  cancer  [114].  Smurf  1,  Smurf2,  and 
WWP1  were  reported  to  target  RUNX2  for  ubiquitin- 
mediated  degradation  via  either  WW/PY  motifs  or  a  Smad6 
adaptor  [86,  115,  116].  WWP1  was  demonstrated  to 
regulate  RUNX2  in  vivo  [117].  Another  adaptor  protein 
Schnurri-3  was  shown  to  enhance  Runx2  ubiquitination  by 
Wwpl  [117].  Transgenic  mice  that  express  Smurf  1  specif¬ 
ically  in  osteoblasts  show  reduce  bone  formation  during 
postnatal  life  due  to  a  decrease  in  Runx2  [118].  However, 
Runx2  is  not  upregulated  in  Smurfl  null  osteoblasts  in  vivo 

[H9]. 

In  contrast  to  RUNX2,  RUNX3  functions  as  a  gastric 
tumor  suppressor.  The  expression  of  RUNX3  is  lost  in  about 
60%  of  primary  gastric  cancer  specimens  [120].  Both 
Smurfl  and  Smurf2  have  been  demonstrated  to  promote 
RUNX3  ubiquitination  and  degradation  [121].  Interestingly, 
p300  mediated  RUNX3  acetylation  protects  RUNX3  from 
ubiquitin-mediated  degradation  [121]. 

4.5  Jun  family 

JunB  and  c-Jun  were  identified  as  direct  targets  of  Itch 
[122,  123].  JunB  has  been  shown  to  play  an  important  role 
in  T  cell  differentiation  [124]  while  c-Jun  may  function  in  T 
cell  activation  [125].  The  regulation  of  JunB  and  c-Jun  by 
Itch  is  further  refined  by  phosphorylation  (detailed  later) 
and  by  interaction  with  other  proteins.  Itch  has  recently 
been  shown  to  immunoprecipitate  with  N4WPBP5/Ndfipl 
and  to  co-localize  in  T  cells  [126].  NdfipF /_  mice  have  a 
similar  phenotype  to  itchy  mice,  including  severe  inflam¬ 
mation  and  a  Th2  bias  in  T  cell  differentiation.  Further, 
levels  of  JunB  are  increased  in  NdfipF /_  T  cells,  suggest¬ 
ing  that  Ndfipl  is  required  for  efficient  ubiquitination  of 
JunB  by  Itch.  Since  Ndfipl  is  a  membrane-bound  protein,  it 
may  act  to  recruit  Itch  to  the  appropriate  subcellular 
compartment  for  Itch  to  exert  its  effects. 

As  targets  of  the  TGF|3  pathway  [127],  JunB  and  PAI1  are 
inhibited  by  WWPl/Tiull  in  MDCK  cells  through  an 
indirect  mechanism  [8].  Work  from  the  Zhang  lab  has 
demonstrated  that  JunB  is  upregulated  in  Smurfl  null 
osteoblasts  [119].  However,  an  upstream  kinase  of  JunB, 
MEKK2,  was  identified  as  the  authentic,  direct  physiological 
target  of  Smurfl  but  not  Smurf2.  MEKK2  interacts  with 
Smurfl  via  the  PY  motif  of  MEKK2  and  first  two  WW 
domains  of  Smurfl.  Interestingly,  the  auto-phosphorylation 
of  MEKK2  is  a  prerequisite  for  Smurfl  mediated  MEKK2 
ubiquitination.  Consistent  with  these  observations,  Smurfl - 
deficient  mice  exhibit  an  age-dependent  increase  of  bone 
mass  [119]. 

NF-E2  is  a  hematopoietic  transcription  factor  containing 
two  subunits.  The  large  subunit  p45  is  homologous  to  c-Jun 
and  bears  PY  motifs.  The  p45  protein  was  found  to  bind  to 


WWP1  and  Nedd4  [128].  Yeast  two  hybrid  experiments 
showed  that  p45  could  interact  with  Itch.  Further  analysis 
demonstrated  that  Itch  might  function  as  a  transcriptional 
co-repressor  ofNF-E2  [129]. 

Additionally,  Nedd4-like  E3s  may  target  other  transcrip¬ 
tion  factors  for  degradation.  For  example,  Itch  has  been 
shown  to  ubiquitinate  and  degrade  the  transcription  factor 
Glil,  which  plays  an  important  role  in  Hedgehog  signaling 
in  cell  development  and  tumorigenesis  [130].  As  with  the 
regulation  of  Notch,  Numb  can  promote  Itch-dependent 
Glil  ubiquitination  and  degradation.  Oct-4  is  an  impor¬ 
tant  transcription  factor  that  affects  the  fate  of  mamma¬ 
lian  embryonic  stem  cells.  WWP2  has  been  shown  to 
promote  Oct-4  ubiquitin-mediated  proteasomal  degrada¬ 
tion  [131].  Finally,  Nedd4/hRPFl  has  been  shown  to 
potentiate  the  transcriptional  activity  of  nuclear  receptors 
including  progesterone  receptor  and  glucocorticoid  receptor 
[132]. 

5  Other  substrates  of  the  Nedd4-like  E3s  in  cancer 

5.1  Nedd4  and  pTEN 

pTEN  is  an  important  tumor  suppressor  protein  in  various 
types  of  cancers.  The  pTEN  phosphatase  negatively 
regulates  PI3K/Akt  signaling  [133],  which  is  critical  for 
cancer  cell  survival.  Additionally,  nuclear  localization  of 
pTEN  has  been  proposed  to  maintain  genome  stability  and 
tumor  suppression  [134].  pTEN  is  frequently  inactivated  by 
gene  deletion  or  mutation  [135].  Intriguingly,  pTEN  is  also 
ubiquitinated  and  degraded  through  the  proteasome  al¬ 
though  it  is  a  relatively  stable  protein  [136].  Recently 
Nedd4  was  identified  as  a  specific  E3  ligase  for  pTEN. 
Nedd4  not  only  targets  pTEN  for  proteasomal  degradation 
through  polyubiquitination  but  also  transports  pTEN  into 
the  nucleus  through  mUb  [137]. 

By  decreasing  the  level  of  pTEN  protein,  Nedd4  was 
shown  to  promote  Akt  signaling  [24].  Overexpression  of 
Nedd4  collaborates  with  K-Ras  to  transform  p53  deficient 
MEF.  Additionally,  Nedd4  RNAi  inhibited  DU  145  (pTEN 
positive)  but  not  PC-3  (pTEN  negative)  xenograft  growth. 
Consistently,  the  mRNA  level  of  Nedd4  was  shown  to  be 
upregulated  in  invasive  bladder  cancer  samples  [24].  Taken 
together,  Nedd4  was  proposed  to  be  an  oncoprotein  and  a 
potential  target  for  pharmacological  intervention  in  pTEN 
positive  tumors. 

5.2  HecWl/NEDL-1  and  dishevelled-1 

Miyazaki  et  al.  identified  a  novel,  differentially  expressed 
Nedd4-like  E3,  NEDL1,  in  brain  tumors  [138].  NED  LI 
mRNA  is  preferentially  expressed  in  neuronal  tissue  and  is 
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highly  expressed  in  neuroblastomas  with  favorable  progo- 
nosis.  Through  yeast-two  hybrid  screening,  NEDL1  was 
demonstrated  to  be  associated  with  two  proteins,  dishev¬ 
elled- 1  (Dvll)  and  translocon-associated  protein  6  (TRAP-6), 
which  bind  to  mutant  but  not  WT  superoxide  dismutases-1 
(SOD1).  As  a  result,  NEDL-1  targets  mutant  Dvll  and 
SOD-1,  but  not  TRAP-6,  for  ubiquitiantion  and  degrada¬ 
tion.  Because  TRAP-6  localizes  to  the  ER,  NEDL-1  was 
proposed  to  regulate  protein  quality  control  through  an  ER- 
associated  degradation  pathway  [138].  Interestingly,  Dvll  is 
one  of  the  key  transducers  in  the  Wnt/|3-catenin  signaling 
pathway.  Thus,  NEDL-1  may  play  a  role  in  motor  neuron 
differentiation  and  apoptosis  through  its  regulation  of  Dvll 
degradation  [138].  The  role  of  NEDL1  in  brain  or  other 
types  of  tumors  remains  to  be  elucidated. 

5.3  Itch  and  apoptosis 

Itch  was  demonstrated  to  target  long  FLICE  (pro-caspase- 
8)-inhibitory  protein  (c-FLIPl)  for  ubiquitin-mediated 
proteasomal  degradation  [139].  FLIP  can  be  upregulated 
by  NF-kB  and  specifically  inhibits  caspase-8  activation  and 
tumor  necrosis  factor-alpha  (TNFa)  induced  apoptosis 
[140].  Chang  et  al.  found  that  c-FLIPl  ubiquitination  by 
Itch  is  regulated  by  JNK  mediated  Itch  phosphorylation 
[139].  However,  the  work  fails  to  identify  the  domain  of 
Itch  that  interacts  with  the  CASP  domain  of  c-FLIPl.  This 
is  important  because  c-FLIPl  does  not  have  a  PY  motif,  yet 
no  other  Nedd4-like  E3s  have  been  reported  to  have  similar 
function  on  c-FLIPl  turnover. 

Loss  of  function  Itch  {itchy)  mice  display  a  variety  of 
immunological  and  inflammatory  disorders  as  they  age, 
including  inflammation  of  the  lung  and  stomach  and 
hyperplasia  of  lymphoid  and  hematopoietic  cells  [141].  It 
was  noticed  that  the  itchy  mice  have  a  persistent  itching 
behavior.  Part  of  this  can  be  attributed  to  the  Th2  bias  in 
differentiation  of  T  cells  from  animals,  which  results  in  an 
allergic  response  with  increased  IgGl  and  IgE  levels  in  the 
serum,  as  well  as  eosinophil  activation  [122].  Additionally, 
it  was  reported  that  itchy  mice  have  increased  levels  of  hill 
length  Notch  1  which  may  complex  with  PI3K  and  p56lck  in 
T  cells.  This  results  in  increased  amounts  of  phospho-AKT 
and  decreased  apoptosis  in  developing  thymocytes  [39]. 
These  data  speak  to  the  fact  that  Itch  likely  plays  a 
physiological  role  in  mediating  apoptosis  through  a  variety 
of  different  pathways  under  the  influence  of  a  number  of 
molecular  signals. 

5.4  Smurf  1,  RhoA,  and  invasion 

Accumulating  evidence  points  to  the  fact  that  Smurf  1,  but 
not  Smurf2,  promotes  RhoA  ubiquitination  and  degradation 
and  regulates  cell  motility  [142-145].  RhoA,  Rac,  and 


Cdc42  proteins  belong  to  Ras  superfamily  of  GTPases. 
RhoA  binds  and  hydrolyzes  the  conversion  of  GTP  to  GDP. 
The  GTP -bound  form  of  RhoA  is  active.  The  active  form 
regulates  cell  morphology,  differentiation,  migration,  and 
division.  Smurf  1 -mediated  RhoA  degradation  is  crucial  for 
TGF(3-induced  dissolution  of  tight  conjunctions  during 
epithelial-mesenchymal  transition  [143].  Boyer  et  al. 
demonstrated  that  the  induced  degradation  of  RhoA  is 
blocked  in  Smurfl  null  MEF  cells  and  Smurfl  selectively 
ubiquitinates  GTP-bound  active  RhoA  [144].  However, 
total  RhoA  protein  levels  are  not  increased  in  Smurfl 
knockout  mice  and  Smurf  siRNA  transfected  cells  [119, 
145].  Sahai  et  al.  demonstrated  that  Smurf  1 -mediated  RhoA 
degradation  only  occurs  at  the  cell  periphery  [145]. 
Furthermore,  Smurfl  inhibition  in  cancer  cells  increases 
cell  motility  and  favors  intravasation,  but  is  not  sufficient  to 
promote  metastasis  in  vivo  [145]. 

5.5  Nedd4,  Cdc25,  and  the  cell  cycle 

The  Publ  E3  ligase  from  Schizosaccharomyces  pombe  is 
one  of  the  three  orthologues  of  mammalian  Nedd4-like  E3s. 
Publp  was  demonstrated  to  target  Cdc25  for  ubiquitin- 
mediated  degradation  [146].  Cdc25  (Cdc25A,  Cdc25B  and 
Cdc25C  in  mammals)  is  a  key  phosphatase  regulating  the 
cell  cycle  through  its  activation  of  the  Cdks  (reviewed  in 
[147]).  Cdc25A  is  ubiquitinated  and  degraded  by  the  E3 
ligase  APC/Ccdhl  and  possible  other  Skpl-Cull-F-box  E3 
complexes  [148].  Interestingly,  Cdc25A  contains  a  PY 
motif;  and  Cdc25C  has  been  demonstrated  to  bind  to  the 
second  WW  domain  of  Nedd4  in  HeLa  cells  [9].  It  will  be 
interesting  to  further  investigate  whether  Nedd4  or  other 
family  members  target  Cdc25  for  degradation  since  Cdc25 
is  frequently  overexpressed  in  human  cancer. 

6  Ligase  independent  function  of  the  Nedd4-like  E3s 

Although  the  ligase  activity  of  Nedd4-like  E3s  is  very 
important  for  their  cellular  functions,  several  lines  of 
evidence  suggest  that  Nedd4-like  E3s  may  have  ligase- 
independent  functions  as  well.  Overexpression  of  various 
Nedd4-like  E3 -derived  WW  domains  strongly  inhibits 
viral  budding,  a  process  requiring  protein  trafficking  [20] 
Itch  and  WWP1  can  inhibit  TGF|3  signaling  independently 
of  their  ligase  activities  [33].  Smurf2  overexpression  has 
been  shown  to  arrest  fibroblasts  in  a  ligase-  and  C2  domain- 
independent  manner  [17].  Recently,  we  found  that  catalyt- 
ically  inactive  WWP1  promotes  breast  epithelial  cell 
proliferation  as  efficiently  as  the  WT  WWP1  [19].  These 
findings  suggest  that  Nedd4-like  E3s  could  regulate 
trafficking  and  other  cellular  processes  independently  of 
their  ligase  activities. 
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Because  E3  ligase  activity  appears  not  to  be  necessary 
for  the  function  of  Nedd4-like  E3s  under  some  conditions, 
it  is  tempting  to  speculate  that  these  E3s  could  affect  the 
action  of  their  partners  through  just  binding.  Several  WW 
domain-containing  proteins,  such  as  WWOX  and  YAP, 
function  by  binding  to  PY  motif-containing  substrates 
[149].  Zhang  et  al.  mapped  the  Smurf2  domains  required 
for  causing  fibroblast  senescence  and  found  that  although 
both  the  WW  domains  and  the  HECT  domain  contribute  to 
Smurf2’s  senescence-inducing  function,  the  E3  ligase 
activity  is  not  required. 

7  Regulation  of  the  Nedd4-like  E3s 

7.1  Phosphorylation 

AIP4/Itch  has  been  shown  to  be  phophorylated  upon  EGFR 
[55]  and  IGFR  activation  [46].  Additionally,  JNK  was 
shown  to  phosphorylate  the  proline-rich  motif  of  AIP4/Itch 
which  is  active  toward  JunB,  c-Jun,  and  c-FLIPl  [123, 
139].  In  contrast,  the  phosphorylation  at  Y371  of  AIP4  by 
Fyn  significantly  reduced  the  ability  of  AIP4  to  ubiquitinate 
JunB  [150].  An  auto-inhibition  model  between  the  WW 
domain  and  HECT  domain  was  proposed  to  explain  this 
interesting  phenomenon  [151].  Recently,  Nedd4  was 
reported  to  be  phophorylated  by  Src  which  is  essential  for 
EGF-induced  mUb  of  EPS15  [66]. 

Nedd4-2  was  shown  to  be  serine/threonine  phosphory- 
lated  in  response  to  several  different  stimuli,  such  as 
insulin,  insulin  growth  factor,  aldosterone,  vasopressin  and 
NGF  [58,  152,  153].  Nedd4-2  is  phophorylated  by  serum 
and  glucocorticoid-inducible  kinase  (SGK1),  a  target  of  the 
PI3K/PDK1  pathway.  This  modification  decreases  the 
ligase  activity  toward  ENaC  since  14-3-3  will  bind  to 
phosphorylated  Nedd4-2  and  block  substrate  recognition. 
Nedd4-2  phosphorylation  can  also  be  mediated  by  vaso¬ 
pressin-activated  PKA  [152].  Similarly,  cytokine  indepen¬ 
dent  survival  kinase  1  (CISK1),  another  target  of  the  PI3K/ 
PDK1  pathway,  phosphorylates  AIP4  and  blocks  AIP4- 
mediated  CXCR4  degradation  induced  by  SDF-1  [154]. 
Both  SGK1  and  CISK1  contain  a  PY  motif,  which  is 


essential  for  their  interaction  with  Nedd4-2  or  AIP4,  res¬ 
pectively  [154].  Interestingly,  the  SGK1/CISK1  phosphor¬ 
ylation  sites  on  Nedd4-2  or  AIP4  have  been  identified  and 
are  located  in  the  WW  domains  [154].  Similar  mechanisms 
may  exist  for  other  Nedd4-like  E3s. 

7.2  Ubiquitination  and  degradation 

Itch  was  found  to  be  rapidly  degraded  in  primary  T  cells  in 
response  to  CD3  and  CD28  stimulation  [122].  Itch  deg¬ 
radation  may  be  mediated  by  self-ubiquitination  and  en¬ 
hanced  by  JNK-mediated  phosphorylation  [123].  Similarly, 
we  found  that  the  proteasome  inhibitor  MG  132  significantly 
increased  WWP1  protein  levels  in  the  MCF10A  breast 
epithelial  cell  line  (Fig.  3(a)).  Further,  the  degradation  of 
WWP1  was  almost  completely  blocked  by  MG132  in  22Rvl 
prostate  cancer  cells  (Fig.  3(b)).  As  assayed  by  cycloheximide 
chase,  the  half-life  of  WWP1  is  about  3  h  in  22Rvl.  Other 
Nedd4-like  E3s  may  be  subject  to  similar  autoregulation. 

Besides  ubiquitin-mediated  proteasomal  degradation, 
Nedd4-like  E3s  may  be  degraded  by  cleavage.  For 
example,  Nedd4  was  shown  to  be  cleaved  by  multiple 
caspases  during  apoptosis  [155].  However,  the  significance 
of  this  observation  is  not  known. 

7.3  Subcellular  localization 

Nedd4-like  E3s  have  been  found  to  localize  to  the  plasma 
membrane,  the  cytoplasm,  and  the  nucleus.  Nedd4-like  E3 
proteins  have  been  observed  on  multiple  components  of  the 
endocytic  pathway  including  the  plasma  membrane,  the  early 
and  late  endosome,  and  the  Golgi.  For  example,  AIP4  has 
been  reported  to  localize  to  various  endosomal  subdomains 
[49,  56].  The  C2  domain  is  necessary  but  not  sufficient  for 
endosomal  localization.  Wwpl  has  been  detected  on  early 
endosomes  in  the  murine  skeletal  muscle  cell  line  C2C12 

[156] .  Interestingly,  Nedd4  is  translocated  to  mitochondria 
upon  IGF-1R  activation,  raising  the  possibility  that  Nedd4 
may  mediate  the  anti-apoptotic  signaling  of  the  IGF-1R 

[157] .  Finally,  the  Nedd4-like  proteins  have  also  been 
localized  to  the  nucleus  [20,  113].  A  Rev-like  nuclear  export 
signal  has  been  identified  in  Nedd4  [158]  and  Smurfl  [159]. 
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Fig.  3  WWP1  degradation  by  the  proteasome.  (a)  The  MCF10A  cell 
line  stably  expressing  WWP1  was  treated  with  10  pM  of  the 
proteasome  inhibitor  MG  132  for  12  h.  WWP1  protein  was  detected 
by  Western  blot.  |3-actin  was  used  as  a  loading  control,  (b)  Myc  tagged 
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mouse  Wwpl  was  transfected  into  the  22Rvl  prostate  cancer  cell  line. 
The  half-life  of  Wwpl  was  determined  in  the  absence  or  presence  of 
10  pM  MG  132  by  cycloheximide  (CHX)  chase  assay.  One  hundred 
micrograms  per  milliliter  CHX  was  used  in  this  experiment 
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Different  subcellular  locations  of  Nedd4-like  E3s  may  be 
dependent  upon  which  proteins  the  ligases  interact  with.  For 
example,  upon  TGF  [3  stimulation,  Smad7  accumulates  in  the 
nucleus  where  it  interacts  with  Smurf2  or  WWP1.  These 
complexes  then  translocate  out  of  the  nuclei  and  interact  with 
T|3R1  [29,  32].  Similarly,  Notch  was  reported  to  exclude 
WWP1  out  of  the  nucleus  and  instead  localize  to  the  early 
endosome  [156].  The  HECT  domain  is  necessary  and 
sufficient  for  WWP1  nuclear  localization  and  regulation  by 
Notch.  After  inducing  C2C12  cell  differentiation  by  serum 
depletion,  nuclear  WWP1  relocalized  to  the  cytoplasm  [156]. 
These  findings  highlight  the  fact  that  changing  subcellular 
localization  is  an  important  way  to  control  the  accessability 
and  activity  of  Nedd4-like  E3s  toward  different  substrates. 

7.4  Transcription 

Nedd4-like  E3s  are  usually  ubiquitously  expressed  in 
multiple  tissues  but  some  show  distinct  tissue  distributions 
(Table  1).  Nedd4  is  widely  expressed  in  mouse  kidney, 
liver,  muscle,  brain,  and  heart  [6].  Nedd4-2  was  shown  to 
be  expressed  in  rat  testis,  kidney,  liver,  lung,  brain,  and 
heart  [160].  Smurf  1  is  mainly  expressed  in  human  placenta, 
pancreas,  and  testis  [32].  WWP2  and  AIP4  mRNA  are 
widely  expressed  in  human  heart,  brain,  placenta,  muscle, 
and  pancreas  [161].  WWP1  mRNA  is  strongly  or  modestly 
expressed  in  human  heart,  muscle,  placenta,  kidney,  liver, 
pancreas  and  testis  [32,  128].  The  expression  pattern  of 
Wwpl  and  Itch  mRNA  seems  to  be  conserved  in  mouse 
[21,  141].  Interestingly,  multiple  Wwpl  isoforms  were 
observed  in  several  mouse  tissues. 

RNA  splicing  may  be  another  way  to  modulate  the 
activity  of  Nedd4-like  E3s.  In  a  breast  cancer  cell  line, 
T47D,  six  isoforms  of  WWP1  have  been  identified  [162]. 
Expression  of  WWP1  splice  variants  was  detected  in 
multiple  tissues  and  the  ratios  among  the  WWP1  isoforms 
showed  tissue-specific  distribution.  This  observation  is 
reinforced  by  our  recent  discovery  that  WWP1  mRNA  with 
different  molecular  sizes  was  detected  in  several  prostate 
and  breast  cancer  cell  lines  by  Northern  blot  and  Western 
blot  analysis  [18,  19].  Different  splice  variants  of  AIP4  and 
Nedd4-2  have  also  been  reported  [162,  163],  suggesting 
that  RNA  splicing  could  be  a  common  regulatory  mecha¬ 
nism  for  Nedd4-like  E3s. 

The  transcripts  of  Nedd4-like  E3s  are  responsive  to 
multiple  growth  factor  signals.  The  mRNA  expression  of 
Smurfl  and  Smurf2  was  demonstrated  to  be  induced  by 
TGF|3  and  BMP  [164].  Similarly,  we  found  that  WWP1  is 
upregulated  by  TGF  (3  in  HaCaT  and  PC-3  cells  in  a  dosage 
and  time  dependent  manner  (Fig.  4).  As  mentioned  earlier, 
Smurfs  and  WWP1  are  potent  inhibitors  of  TGF  (3  signaling; 
therefore,  this  feedback  control  loop  aids  in  precisely 
regulating  TGF  (3  signal  transduction.  Further,  Smurfl /2  and 


Nedd4  can  be  induced  by  the  pro -inflammatory  factor  TNFa 
[116,  165].  In  fibroblasts,  Smurf2  mRNA  is  upregulated 
when  cells  undergo  senescense  [17]. 

Several  mRNA  isoforms  of  Nedd4-2  were  upregulated 
by  androgen  in  the  AR  positive  FNCaP  prostate  cancer  cell 
line  [163].  Interestingly,  WWP1  was  also  reported  to  be 
upregulated  by  androgen  and  is  highly  expressed  in  FNCaP 
cells  [18,  166].  In  parallel,  a  high  level  of  WWP1 
expression  is  more  frequently  detected  in  ER  positive 
breast  cancer  cell  lines  [19]  and  tumors  (Oncomine.org). 
Additionally,  progesterone  receptor  and  Glucocorticoid 
receptor  activity  are  potentiated  by  Nedd4/hRPFl  [132]. 
Thus,  it  is  tempting  to  speculate  that  Nedd4-like  E3s  and 
hormone  signaling  are  mutually  regulated. 

Upon  DNA  damage,  levels  of  the  endogenous  Itch 
protein  were  shown  to  significantly  decrease,  allowing  the 
TA-p73  protein  to  accumulate  and  induce  cell  cycle  arrest 
and  apoptosis  [98].  Similarly,  WWP1  is  also  decreased  in 
response  to  y-irradiation  in  p53  WT,  but  not  p53  null,  MEF 
cells  [95].  These  findings  suggest  that  the  transcription  of 
Nedd4-like  E3s  can  be  regulated  by  various  DNA  damage- 
response  signaling  cascades. 


0lQ2  0.2 
TGF3  (nq/ml) 


Time  (h) 
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Time  (h) 


Fig.  4  TGFp  induces  the  expression  of  WWP1  mRNA  in  HaCaT  and 
PC-3  cells.  Expression  of  WWP1  mRNA  was  detected  by  SYBR  real 
time  RT-PCR.  GAPDH  was  used  as  a  control  to  normalize  the  cDNA 
input.  The  primers  have  been  described  in  [18,  19].  Cells  were  serum 
starved  overnight  before  adding  TGFp.  (a,  c)  Different  amounts  of 
TGFp  were  used  to  treat  HaCaT  or  PC-3  cells  for  24  h.  (b,  d)  Two 
nanograms  per  milliliter  TGFp  were  used  to  treat  HaCaT  or  PC-3  cells 
for  different  durations 
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8  Concluding  remarks 

After  more  than  a  decade  of  investigation,  we  are  certain  that 
Nedd4-like  E3  are  critical  regulators  of  multiple  cancer- 
related  growth  factor  receptors  and  transcription  factors. 
Several  Nedd-4  like  E3s,  such  as  Smurf2,  WWP1,  Nedd4, 
and  Smurfl  are  emerging  as  oncogenic  factors  due  to  their 
frequent  deregulation  in  human  cancer.  Whether  Nedd4-like 
E3s  can  be  used  as  diagnostic  markers  or  dmg  targets  remains 
to  be  determined  because  the  exact  role  and  mechanisms  of 
action  of  these  E3s  in  different  cancer  types  remains  unclear. 

Smurf2  levels  have  been  shown  to  correlate  with  poor 
prognosis  in  patients  with  esophageal  squamous  cell  carcino¬ 
mas  [16].  WWP1  also  has  the  potential  to  be  a  biomarker  in 
cancer.  Gene  amplification  and  overexpression  have  been 
detected  in  around  half  of  those  prostate  and  breast  cancer 
samples  studied  [18,  19].  In  breast  cancer,  the  overexpres¬ 
sion  of  WWP1  mRNA  appears  preferentially  in  ER  positive 
and  noninvasive  tumors.  However,  immunohistochemical 
staining  of  WWP1  in  a  large  number  of  tumor  samples  is 
definitely  required  to  confirm  these  promising  results. 

siRNA  inhibition  of  WWP1  was  shown  to  induce  growth 
arrest  and  apoptosis  [19],  suggesting  that  WWP1  could  be  a 
potential  molecular  target  for  an  anti-cancer  drug.  However, 
WWP1  showed  ligase-independent  proliferative  activity  in 
vitro ,  implying  that  an  inhibitor  which  targets  ligase  activity 
may  not  be  effective.  In  contrast,  targeting  protein-protein 
interaction  between  WW  domains  and  PY  motifs  using 
non-peptide  small  molecular  inhibitors  might  be  a  better 
strategy,  although  assuring  the  specificity  of  such  constructs 
will  be  a  challenge.  Additionally,  characterization  of  the 
mechanism  by  which  WWP1  promotes  cell  proliferation 
and  survival  will  aid  in  more  ration  drug  design  for  cancer 
therapy.  Because  of  their  documented  roles  in  human 
cancers,  Nedd4  and  Smurfl  also  warrant  further  investiga¬ 
tion  as  potential  drug  targets  using  similar  strategies. 

Nedd4-like  E3s  may  play  context-dependent  roles  in 
cancer  development  for  a  number  of  reasons.  First,  Nedd4- 
like  E3s  are  ubiquitously  expressed  in  multiple  tissues.  The 
regulation  of  the  expression  of  Nedd4-like  E3s  under 
physiological  and  pathological  conditions  in  different 
tissues  remains  poorly  understood.  Second,  each  Nedd4- 
like  E3  may  have  multiple  substrates,  which,  in  turn, 
mediate  different  functions.  Previous  work  indicates  that 
different  WW  domains  in  Nedd4-like  E3s  display  different 
substrate  preferences  in  vitro.  It  is  plausible  that  each  of  the 
Nedd4-like  E3  regulate  a  number  of  different  target  proteins. 
Even  though  there  is  functional  redundancy  among  some  of 
the  members  of  the  Nedd4-like  family  of  E3’s,  there  are 
almost  as  many  examples  of  how  each  of  these  proteins 
specifically  acts  upon  certain  substrates.  It  will  take  some 
time  to  clearly  delineate  the  physiological  substrates  of  each 
specific  Nedd4-like  E3.  Finally,  multiple  receptors  may  use 


the  same  endocytic  and  protein  trafficking  machinery  that 
are  regulated  by  multiple  Nedd4-like  E3s.  How  these  E3s 
specifically  affect  different  receptors  is  not  clear.  It  is  widely 
accepted  that  TGF(3  plays  a  context-dependent  role  during 
tumor  development,  and  several  Nedd4-like  E3s  are  known 
to  antagonize  TGF  (3  signaling.  Thus,  it  is  not  surprising  that 
different,  if  not  opposite,  roles  of  Nedd4-like  E3s  in  various 
cancer  stages  and  types  have  been  observed. 

As  further  understanding  leads  to  the  development  of 
potential  anti-cancer  therapeutics  that  target  the  activities  of 
Nedd4-like  E3s,  it  will  be  necessary  to  validate  these  drugs. 
To  that  end,  transgenic  and  gene-targeted  mouse  models  are 
especially  powerful  tools  in  dissecting  the  physiological 
role  of  Nedd4-like  E3s  in  vivo.  In  this  regard,  a  high 
throughput  gene  trap  library  (tigm.org)  will  accelerate  in 
vivo  research  efforts.  All  nine  Nedd4-like  E3s  knock  out  ES 
cells  are  available  from  this  library.  We  expect  more 
transgenic,  knockout,  and  knockin  mouse  models  will  be 
generated  for  characterizing  the  function  of  this  interesting 
family  in  the  development  of  cancer.  In  conclusion, 
although  still  in  its  infancy,  the  study  of  Nedd4-like  E3s 
has  the  potential  to  provide  much  insight  into  the 
development  of  cancer  diagnostics  and  therapeutics,  which 
could  have  enormous  impact  on  human  health. 
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The  WW  domain  containing  E3  ubiquitin  protein  ligase  1 
(WWP1)  is  a  homologous  to  the  E6-associated  protein  C 
terminus-type  E3  ligase  frequently  overexpressed  in 
human  prostate  and  breast  cancers  due  to  gene  amplifica¬ 
tion.  Previous  studies  suggest  that  WWP1  promotes  cell 
proliferation  and  survival;  however,  the  mechanism  of 
WWP1  action  is  still  poorly  understood.  Here,  we  showed 
that  WWP1  upregulates  and  maintains  erythroblastic 
leukemia  viral  oncogene  homolog  2  (ErbB2)  and  epithelial 
growth  factor  receptor  (EGFR)  in  multiple  cell  lines. 
WWP1  depletion  dramatically  attenuates  the  EGF- 
induced  ERK  phosphorylation.  WWP1  forms  a  protein 
complex  with  RING  finger  protein  11  (RNF11),  a 
negative  regulator  of  ErbB2  and  EGFR.  The  protein- 
protein  interaction  is  through  the  first  and  third  WW 
domains  of  WWP1  and  the  PY  motif  of  RNF11.  Although 
WWP1  is  able  to  uhiquitinate  RNF11  in  vitro  and  in  vivo , 
WWP1  neither  targets  RNF11  for  degradation  nor 
changes  RNFll’s  cellular  localization.  Importantly, 
inhibition  of  RNF11  can  rescue  WWP1  siRNA-induced 
ErbB2  and  EGFR  downregulation  and  growth  arrest. 
Finally,  we  demonstrated  that  RNF11  is  overexpressed  in 
a  panel  of  prostate  and  breast  cancer  cell  lines  with 
WWP1  expression.  These  findings  suggest  that  WWP1 
may  promote  cell  proliferation  and  survival  partially 
through  suppressing  RNFll-mediated  ErbB2  and  EGFR 
downregulation. 

Oncogene  (2008)  27,  6845-6855;  doi:10.1038/onc.2008.288; 
published  online  25  August  2008 
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Introduction 

The  WW  domain  containing  E3  ubiquitin  protein 
ligase  1  (WWPl/AIP5/Tiull)  belongs  to  the  Nedd4-like 
homologous  to  the  E6-associated  protein  C  terminus 
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(HECT)-type  E3  family  (Chen  and  Matesic,  2007). 
Nedd4-like  E3s  can  be  identified  by  their  distinctive 
domain  structure:  an  HECT  domain  at  the  C  terminus 
for  the  ubiquitin  transfer  (Yerdecia  et  al. ,  2003),  a  C2 
domain  at  the  N  terminus  for  calcium-dependent 
phospholipid  binding,  and  2^1  WW  domains  in  the 
middle  for  protein-protein  interaction  with  PY 
motifs  (Mosser  et  al .,  1998).  It  has  been  well  established 
that  the  WW  domains  of  WWP1  can  directly  bind  to 
the  PY  motifs  of  their  substrates,  such  as  Smad2 
(Seo  et  al .,  2004),  Smad7  (Komuro  et  al .,  2004),  Runx2 
(Jones  et  al .,  2006;  Shen  et  al .,  2006)  and  KLF5 
(Chen  et  al ,  2005). 

To  date,  WWP1  has  been  reported  to  target 
transforming  growth  factor-(3  (TGF-(3)  receptor  1 
(TpRl)  (Komuro  et  al .,  2004),  Smad7  (Komuro  et  al ., 

2004) ,  Smad2  (Seo  et  al. ,  2004),  Smad4  (Moren  et  al ., 

2005) ,  Runx2  (Jones  et  al .,  2006;  Shen  et  al .,  2006), 
KLF2  (Zhang  et  al .,  2004)  and  KLF5  (Chen  et  al .,  2005) 
for  ubiquitin-mediated  proteolysis.  Recently,  WWP1 
was  reported  to  promote  p53  ubiquitination  and  export 
p53  from  the  nucleus  (Laine  and  Ronai,  2007).  Through 
ubiquitinating  its  substrates,  WWP1  negatively  regulates 
TGF-P  signaling.  In  line  with  this,  we  found  that  WWP1 
is  a  potential  oncogene  that  undergoes  genomic  ampli¬ 
fication  and  overexpression  in  a  subset  of  human 
prostate  and  breast  cancers  (Chen  et  al .,  2007a,  b). 

Besides  TpRl,  the  Nedd4-like  E3s  have  been  shown 
to  regulate  the  degradation  of  multiple  membrane 
receptors  such  as  the  Notch  receptors  (Qiu  et  al ., 
2000),  insulin-like  growth  factor  1  receptor  (IGF-1R) 
(Vecchione  et  al .,  2003),  vascular  endothelial  growth 
factor  receptor  2  (VEGF-R2)  (Murdaca  et  al .,  2004), 
chemokine  (C-X-C  motif)  receptor  4  (CXCR4)  (March- 
ese  et  al .,  2003)  and  epithelial  growth  factor  receptor 
(EGFR)  (Courbard  et  al .,  2002;  Katz  et  al.,  2002; 
Magnifico  et  al.,  2003).  It  is  well  established  that  the 
abnormal  activation  of  the  EGF  receptors  is  a  common 
theme  in  epithelial  cancer  (Yarden,  2001).  Nedd4  and 
Itch  have  been  demonstrated  to  inhibit  EGFR  degrada¬ 
tion  through  ubiquitinating  multiple  adaptor  proteins 
essential  for  endocytosis  such  as  Cbls  (Courbard  et  al., 
2002;  Magnifico  et  al.,  2003),  EPS15  (Woelk  et  al., 

2006) ,  Hgs  (Katz  et  al.,  2002)  or  Endophilin  Al  (Angers 
et  al.,  2004).  However,  whether  WWP1  also  regulates 
EGFRs  has  never  been  explored. 
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Really  interesting  new  gene  (RING)  finger  protein  1 1 
(RNF11)  is  a  small  RING  finger-type  E3  ligase  whose 
expression  was  deregulated  in  breast  tumors  (Kitching 
et  al .,  2003;  Azmi  and  Seth,  2005).  RNF1 1  was  proposed 
to  enhance  EGFR  degradation  (Azmi  and  Seth,  2005; 
Burger  et  al .,  2006).  RNF11  has  a  PY  motif  and  has 
been  shown  to  be  an  interacting  protein  of  the  HECT- 
type  E3s  Smurf2  and  Itch  (Kitching  et  al .,  2003; 
Subramaniam  et  al .,  2003).  By  yeast  two-hybrid, 
RNF11  was  also  shown  to  interact  with  WWPl  (Azmi 
and  Seth,  2005).  However,  complete  analysis  of  the 
relationship  between  WWPl  and  RNF11  has  been 
lacking,  although  both  proteins  were  implicated  in 
breast  and  prostate  cancers.  In  this  study,  we  provided 
multiple  lines  of  evidence  to  support  that  WWPl 
interacts  with  the  RNF11  protein  and  inhibits  RNF11- 


mediated  erythroblastic  leukemia  viral  oncogene  homo¬ 
log  2  (ErbB2)  and  EGFR  downregulation. 


Results 

WWPl  overexpression  upregulates  ErbB2  and  EGFR 
The  WWPl  gene  is  frequently  amplified  and  over¬ 
expressed  in  human  prostate  and  breast  cancers  (Chen 
et  al .,  2007a,  b).  Interestingly,  we  found  that  WWPl 
overexpression  by  lentiviruses  promotes  MCF10A  cell 
proliferation  in  an  E3  ligase  activity  independent 
manner  (Chen  et  al .,  2007b).  We  examined  the  ErbB2 
and  EGFR  protein  levels  in  the  WWPl  overexpressed 
MCF10A  cell  populations  and  found  that  both  ErbB2 
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Figure  1  WW  domain  containing  E3  ubiquitin  protein  ligase  1  (WWPl)  regulates  ErbB2/EGFR  and  cell  proliferation/survival  in 
breast  cell  lines,  (a)  WWPl  overexpression  in  MCF10A  and  MDA-MB-231  increases  the  protein  levels  of  ErbB2  and  EGFR  in  a  ligase 
activity  independent  manner,  as  determined  by  western  blot,  (b)  WWPl  significantly  promotes  DNA  synthesis  in  MCF10A  and  MDA- 
MB-231,  as  determined  by  3H  thymidine  incorporation.  The  LacZ  control  was  defined  to  be  100.  **P<0.01  (t-test).  W  is  the  WT 
human  WWPl,  and  Wm  is  the  catalytic  inactive  human  WWP1C890A.  The  cell  populations  with  a  low  passage  number  (<3)  were 
used  in  this  study,  (c)  The  expression  levels  of  ErbB2  are  decreased  in  MCF7  and  HCC1500  when  WWPl  is  knocked  down  (EGFR  is 
undetectable  in  these  two  cell  lines),  (d)  Expression  of  siRNA  resistant  WWP1R  rescues  WWPl  siRNA  induced  ErbB2  decrease  and 
PARP  cleavage  in  MCF7.  WWP1R  and  LacZ  were  stably  introduced  into  MCF7  by  lentiviruses.  Two  stable  clones  with  different 
expression  levels  of  WWP1R  were  used.  The  overexpression  of  WWPR  elevated  the  ErbB2  level,  (e)  WWP1R  rescues  WWPl  siRNA 
induced  loss  of  cell  viability,  as  determined  by  the  sulphorhodamine-B  (SRB)  assay. 


Oncogene 


and  EGFR  are  upregulated  by  WWP1  in  a  ligase 
activity  independent  manner  (Figure  la).  Consistently, 
cell  proliferation  is  significantly  increased  by  WWP1,  as 
determined  by  DNA  synthesis  (Figure  lb).  Similar 
results  were  obtained  in  MDA-MB-231  (Figures  la 
and  b).  To  determine  whether  WWP1  promotes  cell 
proliferation  partially  through  ErbB2  and  EGFR,  we 
treated  the  MCFlOA-LacZ  and  MCF10A-WWP1  cells 
with  ErbB2  and  EGFR  dual  kinase  inhibitor  Lapatinib 
(5-10  pM)  (Wang  et  al .,  2006)  and  examined  EGF- 
stimulated  DNA  synthesis.  As  shown  in  Supplementary 
Figure  SI,  Lapatinib  effectively  blocks  EGF-induced 
ERK  phosphorylation  and  WWP1  -induced  but  not 
overall  cell  proliferation  in  MCF10A. 


WWPl  depletion  downregulates  ErbB2 
We  have  previously  shown  that  WWP1  siRNAs  induce 
cell  growth  arrest  and  apoptosis  in  MCF7  and 
HCC1500  (Chen  et  al .,  2007b).  To  test  whether 
WWP1  ablation  downregulates  ErbB2  and  EGFR  in 
these  two  cell  lines,  we  examined  the  expression  of 
ErbB2  and  EGFR  after  WWP1  knockdown.  The  levels 
of  ErbB2  protein  are  indeed  downregulated  by  WWP1 
siRNA  in  MCF7  and  HCC1500,  although  EGFR  is 
undetectable  (Figure  lc).  To  further  test  if  the  ErbB2 
decrease  and  apoptosis  are  really  caused  by  WWP1 
depletion  rather  than  the  off-target  effect  of  siRNA,  we 
stably  expressed  the  WWP1  siRNA  resistant  WWP1R 
and  LacZ  in  MCF7  cells,  respectively.  As  shown  in 
Figures  Id  and  e,  the  WWP1  siRNA  induces  ErbB2 
decrease,  PARP  cleavage,  and  loss  of  cell  viability  in 
LacZ  overexpressed  MCF7  cells  compared  with  the 
Lucsi  control.  Importantly,  the  WWP1R  overexpression 
partially,  even  almost  completely,  rescues  the  WWP1 
siRNA  induced  ErbB2  decrease,  PARP  cleavage,  and 
apoptosis.  Interestingly,  WWP1R  overexpression  upre- 
gulates  ErbB2  in  MCF7  compared  with  the  LacZ 
control  (Figure  Id).  We  noticed  that  the  ErbB2  levels 
are  not  correlated  with  the  WWP1  levels  in  two  WWP1R 
overexpressing  clones  although  the  WWP1  siRNA 
induced  ErbB2  decrease  and  apoptosis  are  more 
completely  blocked  in  the  WR2  clone.  These  results 
imply  that  WWP1  may  also  promote  MCF7  survival 
through  other  mechanisms  besides  ErbB2.  Taken 
together,  WWP1  could  maintain  high  levels  of  ErbB2 
and  promote  cell  survival  in  cancer  cells. 


WWP1  depletion  decreases  the  cell  surface  ErbB2jEGFR 
levels  and  EGF  signaling 

Both  ErbB2  and  EGFR  are  membrane  receptors. 
To  further  test  if  the  cell  surface  levels  of  ErbB2  and 
EGFR  are  regulated  by  WWP1,  we  stained  the  WWP1 
siRNA  and  Lucsi-transfected  MCF10A  cells  with  PE 
fluorescence  dye  conjugated  anti-ErbB2  and  anti-EGFR 
Abs.  As  shown  in  Figure  2a,  the  cell  surface  staining 
for  ErbB2  and  EGFR  is  significantly  decreased  by 
WWP1  knockdown  in  MCF10A  (P<0.01).  The 
decrease  of  EGFR  is  more  obvious  than  the  decrease 
of  ErbB2.  We  further  performed  qRT-PCR  and 
found  that  the  mRNA  levels  of  ErbB2  and  EGFR  are 
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not  changed  by  WWPl  siRNA  in  MCF10A  (Figure  2b). 

These  findings  suggest  that  the  regulation  of  ErbB2 
and  EGFR  by  WWPl  may  occur  at  the  posttransla- 
tional  level. 

On  ligand  binding,  ErbB2  and  EGFR  will  form 
homo-  or  hetero-dimmers  and  be  autophosphorylated, 
which  results  in  signaling  transduction.  To  test  whether 
WWPl  depletion  inhibits  EGF  signaling,  we  transfected 
MCF10A  cells  with  the  Luc  siRNA  and  WWPl  siRNA 
respectively  and  treated  cells  with  50ng/ml  EGF  for 
different  times.  As  reported,  EGF  induces  rapid 
degradation  of  EGFR  but  not  ErbB2.  Consistent  with 
previous  results,  WWPl  depletion  decreases  the  levels 
of  ErbB2  and  EGFR  (Figure  2c).  Importantly,  the 
activation  of  ERK  in  response  to  EGF  is  dramatically 
inhibited  by  WWPl  siRNA  in  terms  of  strength  and 
time  (Figure  2c). 


WWPl  interacts  with  RNF11  in  vivo  and  in  vitro  via 
WW I PY  motifs 

The  molecular  mechanism  of  WWPl  upregulating 
ErbB2  and  EGFR  is  unknown.  A  potential  WWPl 
interacting  protein  RNF11  has  been  reported  to 
promote  EGFR  degradation  (Burger  et  al .,  2006). 
RNF11  is  a  Cbl-like  RING  finger  E3  ubiquitin  ligase 
with  a  PY  (PPXY)  motif  which  could  interact  with  the 
WW  domains  of  WWPl.  To  test  whether  RNF11 
interacts  with  WWPl  through  the  PY/WW  motifs,  we 
performed  glutathione  S-transferase  (GST)  pull-down 
and  co-immunoprecipitation  (IP)  assays  in  HEK293T 
cells.  As  shown  in  Figure  3a,  a  catalytic  inactive  form  of 
mouse  WWPl  (Myc-WWPlC886S)  is  specifically  pulled 
down  by  GST-RNF1 1  but  not  GST  or  GST-RNF1 1 Y40A 
(The  PY  motif  is  disrupted)  (Subramaniam  et  al .,  2003). 
At  the  same  time,  GST-RNF11  but  not  GST- 
RNF11Y40A  can  be  co-immunoprecipitated  with  the 
Myc-WWPlC886S  protein  in  the  reciprocal  experiments 
(Figure  3b).  In  adddition,  we  found  that  RNF11-V5 
prefers  to  bind  to  the  first  and  third  WW  domains 
of  WWPl  by  GST  pull-down  assay  (Figure  3c). 
Furthermore,  the  interaction  between  WWPl  and 
RNF11  is  not  affected  by  EGF  signaling  in  22Rvl  cells 
(Supplementary  Figure  S2).  These  findings  suggest  that 
the  WWPl  protein  could  interact  with  the  RNF11 
protein  in  cultured  mammalian  cells  via  the  WW/PY 
motifs. 

To  determine  if  WWPl  directly  interacts  with  RNF11 
in  vitro ,  we  performed  GST  pull-down  experiments 
using  the  purified  recombinant  GST- WWPl  fusion 
protein  and  the  in  vitro  translated  35S-labeled  RNF11 
protein.  Both  GST-WWP1  and  mutant  GST- 
WWP1C886S  can  pull  down  the  RNF11  protein,  but 
the  GST  protein  cannot  bind  to  the  RNF11  protein 
under  the  same  condition  (Figure  3d).  We  found  that 
RNF11Y40A  is  not  associated  with  either  GST- WWPl 
or  GST-WWP1C886S  (data  not  shown).  To  test  whether 
endogenous  RNF11  interacts  with  endogenous  WWPl, 
we  immunoprecipitated  endogenous  RNF11  from 
MCF7  and  found  that  the  endogenous  WWPl  protein 
is  in  the  same  complex  (Figure  3e). 
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Figure  2  WW  domain  containing  E3  ubiquitin  protein  ligase  1  (WWP1)  depletion  decreases  cell  surface  ErbB2/EGFR  levels  and  EGF 
signaling,  (a)  WWPlsi  decreases  the  cell  surface  ErbB2  and  EGFR  levels  in  MCF10A.  Lucsi  serves  as  the  negative  control  siRNA.  PE- 
conjugated  IgG  serves  as  the  negative  control.  The  fluorescence  intensity  was  detected  by  flow  cytometry.  The  percentages  of  ErbB2 
and  EGFR  positive  cells  are  significantly  fP<0.01,  /-test)  decreased  by  WWP1  siRNA.  (b)  The  mRNA  levels  of  ErbB2  and  EGFR  are 
not  changed  by  WWP1  siRNA,  as  determined  by  qRT-PCR.  The  mRNA  levels  of  ErbB2  and  EGFR  in  Lucsi-transfected  MCF10A 
cells  are  defined  as  1.  (c)  WWPlsi  decreases  the  ErbB2  and  EGFR  levels  and  the  EGF-induced  ERK  phosphorylation  in  MCF10A. 
A  total  of  50ng/ml  EGF  was  used  to  treat  siRNA-transfected  (for  48  h)  and  serum-starved  (for  overnight)  MCF10A  cells.  The  total 
ERK  level  serves  as  the  loading  control;  LE,  long  exposure;  SE,  short  exposure. 


Finally,  we  tested  if  WWP1  co-localizes  with  RNF11 
in  cells.  It  has  been  established  that  WWP1  localizes  in 
the  membrane,  endosome,  or  nucleus  (Martin-Serrano 
et  al .,  2005;  Flasza  et  al .,  2006)  whereas  RNF11  is 
located  in  the  endosome  (Anderson  et  al .,  2007)  in 
HEK293T  cells.  To  directly  visualize  WWP1  under  the 
fluorescence  microscopy,  we  generated  a  construct 
(Myc-mCherry-WWPl)  which  expresses  mCherry  fused 
WWP1.  The  fusion  of  mCherry  to  WWP1  does  not 
affect  the  protein  interaction  with  RNF11-V5,  the 
function  of  WWP1,  and  subcellular  localization  of 
WWP1  (Supplementary  Figure  S3).  We  cotransfected 
expression  plasmids  for  Myc-mCherry-WWPl  and 
RNF11-V5  into  HEK293T  cells  and  examined  the 
subcellular  localization  of  WWP1  and  RNF11.  We 
observed  that  Myc-mCherry-WWPl  is  predominantly 
overlapping  with  RNF11-V5  in  the  endosome 
(Figure  3f).  These  findings  further  suggest  that  WWP1 
may  interact  with  RNF11  in  cultured  mammalian  cells. 


WWP1  ubiquitinates  RNF11  in  vitro  and  in  vivo 
To  test  whether  WWP1  promotes  RNF11  ubiquitina- 
tion,  we  first  performed  an  ubiquitin  conjugation  assay 
in  vitro  using  the  recombinant  GST-WWP1  protein  and 
in  vitro- translated  35S-labeled  RNF11  and  RNF11Y40A. 
In  the  presence  of  ubiquitination  reagents  from  an 
in  vitro  ubiquitin  conjugation  kit,  RNF11  is  not  self- 
ubiquitinated,  although  RNF11  is  an  E3  ligase.  As 
expected,  the  recombinant  GST-WWP1  protein  signifi¬ 
cantly  decreases  the  native  wild-type  (WT)  RNF11 
protein  level  and  increases  its  ubiquitination  (lane  4  in 
Figure  4a).  A  band  corresponding  to  monoubiquitinated 
RNF11  was  clearly  detected.  Under  the  same  condi¬ 
tions,  mutant  GST-WWP1C886S  (lane  5)  or  GST 
(lane  3)  has  no  effect  on  RNF11  ubiquitination  in  vitro. 
Similarly,  GST-WWP1  has  no  effect  on  the  mutant 
RNF1 1 Y40A  protein  (lane  9  in  Figure  4a).  These  results 
suggest  that  both  the  ligase  activity  of  WWP1  and 
protein  interaction  between  WWP1  and  RNF11  are 
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Figure  3  WW  domain  containing  E3  ubiquitin  protein  ligase  1  (WWPI)  interacts  with  RNF11  via  the  WW/PY  motifs,  (a)  The  PY 
motif  of  RNF11  is  required  for  protein  interaction  with  WWPI,  as  determined  by  the  GST  pull-down  assay.  Myc-WWPlC886S  and 
GST-RNF11/GST-RNF11Y40  A/GST  were  transfected  into  HEK293T  for  2  days.  GST  fusion  proteins  were  pulled  down  with 
Glutathione  Sepharose  4B  slurry  beads,  (b)  The  PY  motif  of  RNF11  is  required  for  protein  interaction  with  WWPI,  as  determined  by 
the  co-IP  experiment.  Myc-WWPlC886S  was  immunoprecipitated  with  anti-Myc  Ab  and  protein  A  beads,  (c)  RNF1 1  binds  to  the  first 
and  third  WW  domains  of  WWPI.  The  GST  pull-down  assay  was  performed.  RNF11-V5  was  probed  with  anti-V5  Ab.  (d)  The 
recombinant  GST-WWP1  and  GST-WWP1C886S  fusion  proteins  pulled  down  the  in  vitro  translated  35S-labeled  RNF11  protein  but 
the  GST  protein  did  not.  (e)  Endogenous  RNF11  interacts  with  WWPI  in  MCF7.  The  MCF7  cell  lysate  from  one  100mm  dish  was 
immunoprecipitated  with  either  5  pi  mouse  anti-RNFll  antibody  (Abnova)  or  mouse  IgG.  The  blot  was  probed  with  rabbit  anti- 
WWP1  and  anti-RNFl  1  Abs.  Five  percent  of  the  input  cell  lysate  was  used  as  the  control,  (f)  Co-localization  of  WWPI  and  RNF1 1  in 
HEK293T  cells.  RNF11-V5  was  detected  by  immunofluorescence  staining  using  anti-V5  Ab.  Myc-mCherry-WWPl  can  be  directly 
visualized  under  the  fluorescent  microscope.  RNF11-V5  was  reported  to  localize  to  the  endosome  in  HEK293T  cells  (Anderson  et  al ., 
2007). 


required  for  RNF11  to  be  ubiquitinated  by  WWPI  in 
this  cell-free  system. 

To  further  test  if  WWPI  ubiquitinates  the  RNF11 
protein  in  vivo ,  we  transfected  the  expression  construct 
for  GST-RNF11  into  HEK293T  cells.  We  found  that 
the  RNF11  protein  is  heavily  ubiquitinated  without 
WWPI  in  vivo  (data  not  shown).  This  could  be  caused 
by  RNF11  self-ubiquitination  in  cells  because  RNF11 
itself  is  a  RING  finger- type  E3.  As  mentioned  above, 
RNF11  is  not  self-ubiquitinated  in  vitro.  It  is  possible 
that  the  RNF11  matched  ubiquitin  conjugation  enzyme 
E2  does  not  exist  in  the  rabbit  ubiquitin  conjugation 
system.  To  avoid  RNF11  self-ubiquitination  in  vivo ,  we 
generated  a  mutant  RNF11  (GST-RNF11AR)  in  which 
the  RING  finger  domain  (94-154  residue)  is  deleted. 
Indeed,  the  ubiquitination  of  GST-RNF11AR  is  barely 
detected  in  the  absence  of  WWPI  (Figure  4b,  lane  1). 
Expression  of  WWPI  significantly  increases  a  smear  of 
the  RNF 1 1  protein  with  higher  molecular  weights  than 
WT  GST-RNF1 1 AR  (lane  2),  as  determined  by  the  anti- 
GST  Ab.  Notably,  the  ubiquitination  is  not  polyubi- 
quitination  but  likely  monoubiquitination  (mUb)  or 


multi-mUb.  Expression  of  mutant  Myc-WWPlC886S 
does  not  induce  ubiquitination  of  GST-RNF11AR 
(lane  3).  In  contrast,  the  original  existing  monoubiqui- 
tinated  band  disappears  in  the  presence  of 
WWP1C886S.  These  results  indicate  that  WWPI  may 
induce  mUb  of  RNF  11  in  vivo. 

As  RNF  11  is  an  E3  ligase,  we  also  tested  whether 
RNF11  ubiquitinates  WWPI  in  vivo.  The  FLAG- 
WWP1C890A  mutant  was  used  in  this  experiment 
because  WT  WWPI  is  self-ubiquitinated  in  HEK293T 
cells  (Supplementary  Figure  S4).  We  observed  that 
RNF11-V5  increases  but  RNF11AR-V5  (a  dominant 
negative  RNF  11  mutant  without  the  E3  ligase 
activity  but  with  WWPI  interaction  ability) 
decreases  the  ubiquitination  of  FLAG-WWP1C890A. 
These  data  suggest  that  RNF  11  may  also  ubiquitinate 
WWPI. 


WWPI  does  not  target  RNF  11  for  degradation 
As  WWPI  is  an  E3  ligase  for  RNF1 1,  we  asked  whether 
WWPI  targets  RNF  11  for  ubiquitin-mediated  degradation 
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Figure  4  WW  domain  containing  E3  ubiquitin  protein  ligase  1  (WWP1)  ubiquitinates  RNF11  but  does  not  regulate  the  RNF11 
protein  stability,  (a)  The  recombinant  GST  protein  or  GST-fused  WWP1/WWP1C886S  proteins  were  incubated  with  in  vitro  translated 
RNF11  or  RNF11Y40A  proteins  labeled  with  35S,  and  the  reaction  products  were  subjected  to  polyacrylamide  gel  electrophoresis 
(PAGE)  and  autoradiography.  ‘Input’  is  in  vitro  translated  RNF11  (lane  1)  or  RNF11Y40A  (lane  6)  proteins,  which  serve  as  negative 
controls.  Fanes  2  and  7  also  serve  as  negative  controls  because  only  the  ubiquitin  conjugation  reagents  but  not  any  GST  recombinant 
proteins  were  added  into  the  reactions,  (b)  Wild-type  (WT)  but  not  catalytic  inactive  WWP1C886S  ubiquitinates  GST-RNF11AR  in 
HEK293T  cells.  The  GST-RNF1 1AR  proteins  were  pulled  down  by  Glutathione  Sepharose  4B  beads  and  detected  by  anti-GST  Ab.  (c) 
WWP1  does  not  affect  the  stable  levels  of  endogenous  RNF1 1  in  breast  cancer  cells.  Two  WWP1  siRNAs  were  transfected  into  MCF7. 
The  target  sequence  of  W  1  siRNA  is  provided  in  experimental  procedures.  The  target  sequence  of  W  2  siRNA  has  been  shown  in  a 
previous  study  (Chen  et  al.,  2007a).  Human  WWP1  and  WWP1C890A  overexpressing  MDA-MB-231  cells  have  been  described  in 
Figure  1. 


by  the  26S  proteasome.  To  this  end,  we  examined 
whether  the  endogenous  RNF11  level  is  increased 
when  WWP1  is  knocked  down.  We  found  that  the 
RNF11  protein  levels  are  not  elevated  by  WWP1 
siRNAs  in  MCF7  (Figure  4c),  MCF10A  (Figure  6a) 
or  PC-3  (Supplementary  Figure  S5).  At  the  same 
time,  WWP1  overexpression  does  not  decrease  the 
endogenous  RNF11  protein  levels  in  MDA-MB-231 
(Figure  4c).  These  findings  suggest  that  WWP1  does  not 
regulate  the  RNF11  stability.  Similarly,  RNF11  abla¬ 
tion  does  not  affect  the  protein  levels  of  WWP1  in 
MCF10A  and  PC-3  (Figures  5a,  6a  and  Supplementary 
Figure  S5). 


RNF11  downregulates  ErbB2  and  EGFR 
To  test  whether  RNF11  downregulates  ErbB2  and 
EGFR,  we  knocked  down  endogenous  RNF11  by  two 
different  siRNAs  in  MCF10A.  As  shown  in  Figure  5a, 
both  anti-RNFll  siRNAs  significantly  silence  the 
RNF11  protein  expression  in  MCF10A.  As  a  result, 
RNF11  depletion  significantly  elevates  the  ErbB2  and 
EGFR  levels  compared  with  the  negative  control  Luc 
siRNA,  as  determined  by  western  blot.  Similar  results 
were  obtained  from  MCF7,  BT20  and  HeLa  cancer  cell 
lines  (Supplementary  Figure  S6).  We  confirmed  the 
upregulation  of  the  cell  surface  ErbB2  and  EGFR  levels 
in  MCF10A  by  flow  cytometry  (Figure  5b  and 
Supplementary  Figure  S7).  Similar  to  WWP1  over¬ 
expression,  RNF11  siRNA  1  does  not  change  the 
mRNA  levels  of  ErbB2  or  EGFR  in  MCF10A 
(Figure  5c)  and  HeLa  (data  not  shown).  When  RNF11 
is  knocked  down  in  MCF10A,  the  EGF-induced  pERK 
levels  are  upregulated  in  terms  of  strength  and  time 
(Figure  5d).  We  noticed  that  RNF1 1  siRNA  elevates  the 


overall  ErbB2  and  EGFR  levels  but  does  not  block 
EGF-induced  EGFR  degradation.  As  expected,  RNF11 
ablation  by  siRNA  promotes  cell  proliferation  as 
determined  by  DNA  synthesis  (Figure  5e).  Similar 
results  were  also  observed  in  BT20  and  HeLa  (data 
not  shown). 


WWP1  inhibits  RNFIVs  function 
RNF11  promotes  but  WWP1  suppresses  TGF-(3  signal¬ 
ing  (Subramaniam  et  al .,  2003;  Komuro  et  al .,  2004;  Li 
and  Seth,  2004;  Seo  et  al .,  2004;  Moren  et  al .,  2005). 
These  reports  suggest  that  WWP1  may  inhibit  RNFll’s 
function.  Interestingly,  RNF11  was  also  reported  to 
inhibit  EGF  signaling  by  promoting  EGFR  endocytosis 
and  degradation  (Azmi  and  Seth,  2005;  Burger  et  al ., 
2006).  Indeed,  we  found  that  RNF11  siRNA  increases 
both  ErbB2  and  EGFR  and  promotes  cell  proliferation 
in  MCF10A  (Figure  5).  In  contrast,  WWP1  siRNA 
reduces  both  ErbB2  and  EGFR  (Figure  2).  Thus, 
RNFllsi  should  be  able  to  rescue  the  WWPlsi  induced 
growth  arrest  and  ErbB2/EGFR  decrease  in  MCF10A, 
if  WWP1  functions  through  inhibiting  RNF11.  To  this 
end,  we  transfected  RNFllsi  and  WWPlsi  individually 
and  together  into  the  MCF10A  and  examined  ErbB2 
and  EGFR  levels  and  cell  proliferation  by  DNA 
synthesis.  As  expected,  RNF11  knockdown  effectively 
rescues  the  WWP1  knockdown-induced  ErbB2  and 
EGFR  decrease  (Figure  6a)  and  growth  arrest 
(Figure  6b).  RNF11  knockdown  also  effectively  rescues 
the  WWP1  knockdown-induced  ErbB2  and  EGFR 
decrease  in  PC- 3  (Supplementary  Figure  S5).  These 
results  indicate  that  WWP1  upregulates  ErbB2/EGFR 
and  promotes  cell  proliferation  through  inhibiting 
RNF11. 
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Figure  5  RNF11  knockdown  increases  the  ErbB2  and  EGFR  levels  and  promotes  cell  proliferation,  (a)  Two  RNF11  siRNAs 
effectively  silence  RNF11  expression  and  increase  the  ErbB2  and  EGFR  levels  in  MCF10A,  as  measured  by  western  blot.  RNF11 
knockdown  does  not  affect  the  WWP1  levels,  (b)  RNFllsi  1  increased  the  cell  surface  ErbB2  and  EGFR  levels  in  MCF10A.  Lucsi 
serves  as  the  negative  control  siRNA.  PE-conjugated  IgG  serves  as  the  negative  control.  The  fluorescence  intensity  was  detected  by 
flow  cytometry.  The  percentages  of  ErbB2  and  EGFR  positive  cells  are  significantly  (P<0.01,  /-test)  increased  by  RNF11  siRNA. 
(c)  The  mRNA  levels  of  ErbB2  and  EGFR  are  not  changed  by  RNF11  siRNA  1,  as  determined  by  qRT-PCR.  The  mRNA  levels  of 
ErbB2  and  EGFR  in  Lucsi-transfected  MCF10A  cells  are  defined  as  1.  (d)  RNF1 1  siRNA  1  increases  the  ErbB2  and  EGFR  levels  and 
the  EGF-induced  ERK  phosphorylation  in  MCF10A.  A  total  of  50ng/ml  EGF  was  used  to  treat  siRNA-transfected  (for  48  h)  and 
serum-starved  (for  overnight)  MCF10A  cells.  The  total  ERK  level  serves  as  the  loading  control,  (e)  Both  RNFllsi  1  and  2  promote 
DNA  synthesis,  as  determined  by  3FF thymidine  incorporation.  The  MCF10A  cells  were  seeded  in  24-well  plates  at  the  density  of 
1  x  104  per  well.  The  cells  were  serum-starved  at  24  h  after  siRNA  transfection.  DNA  synthesis  was  performed  for  4  h  in  the  presence  of 
50ng/ml  EGF.  All  analyses  were  performed  at  48  h  after  siRNA  transfection;  **P<0.01  (/-test). 
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Figure  6  RNFllsi  rescues  the  WWP1  si-induced  ErbB2  and  EGFR  downregulation  and  growth  arrest  in  MCF10A.  (a)  RNF11 
siRNA  1  effectively  rescues  WWP1  siRNA  1  induced  ErbB2  and  EGFR  decrease  in  MCF10A,  as  measured  by  western  blot, 
(b)  RNFllsi  1  effectively  rescues  WWP1  siRNA  1  induced  DNA  synthesis  decrease  in  MCF10A,  as  measured  by  3H-thymidine 
incorporation.  Both  WWP1  siRNA  and  RNF11  siRNA  were  transfected  at  100  nM  final  concentration  for  48  h. 


RNF11  is  overexpressed  in  prostate  and  breast  cancer  cell 
lines 

Although  RNF 1 1  is  a  negative  regulator  of  ErbB2  and 
EGFR,  RNF  11  has  been  reported  to  be  overexpressed 


in  breast  cancer  as  detected  by  immunohistochemistry 
(IHC)  (Kitching  et  al .,  2003;  Azmi  and  Seth,  2005).  To 
confirm  this  result,  we  examined  the  RNF  11  levels  in 
breast  cancer  cell  lines  by  qRT-PCR  in  17  breast  cancer 


Oncogene 


C  Control  Cancer 


d  Control  Cancer 


Figure  7  The  expression  of  RNF11  in  breast  and  prostate  cancer  cell  lines,  (a)  RNF11  mRNA  is  upregulated  in  breast  cancer  cell 
lines,  as  determined  by  qRT-PCR.  Glyceraldehyde  3-phosphate  dehydrogenase  (GAPDH)  serves  as  the  loading  control.  White  bars 
represent  nontransformed  cell  lines,  solid  bars  represent  cancer  cell  lines  without  RNF11  overexpression,  and  gray  bars  represent 
cancer  cell  lines  with  RNF11  overexpression,  (b)  RNF11  mRNA  is  upregulated  in  prostate  cancer  cell  lines,  as  determined  by  qRT- 
PCR.  (c)  The  RNF1 1  protein  level  is  upregulated  in  breast  cancer  cell  lines  compared  with  two  immortalized  breast  epithelial  cell  lines, 
as  determined  by  western  blot.  P-actin  serves  as  the  loading  control,  (d)  The  RNF1 1  protein  level  is  upregulated  in  prostate  cancer  cell 
lines  compared  with  three  immortalized  prostate  epithelial  cell  lines,  as  determined  by  western  blot. 


cell  lines  and  four  nontransformed  breast  epithelial  cell  and  induces  apoptosis.  Although  WWP1  is  a  potential 

lines.  RNF11  mRNA  is  upregulated  at  least  twofold  in  oncogene  in  prostate  and  breast  cancers,  the  molecular 

13  breast  cancer  cell  lines  compared  with  the  average  mechanism  of  WWP1  action  is  not  very  clear.  In  this 

levels  of  RNF11  mRNA  in  four  nontransformed  cell  study,  we  found  that  WWP1  overexpression  upregulates 

lines  (Figure  7a).  Similarly,  we  found  that  RNF11  ErbB2  and/or  EGFR  in  MCF10A,  MDA-MB231  and 

mRNA  is  upregulated  in  50%  (14/28)  of  prostate  cancer  MCF7  (Figures  1  and  2).  In  addition,  WWP1  knock¬ 
cell  lines/xenografts  (Figure  7b).  RNF11  overexpression  down  downregulates  ErbB2  and/or  EGFR  in  MCF7, 

in  breast  and  prostate  cancer  cell  lines  was  further  HCC1500,  MCF10A  and  PC-3,  suggesting  that  WWP1 

confirmed  at  the  protein  level  (Figures  7c  and  d).  may  promote  cell  proliferation  and  survival  partially 

Interestingly,  WWP1  expression  is  also  upregulated  in  through  positively  regulating  ErbB  receptors, 

these  breast  and  prostate  cancer  cell  lines  except  BT20  We  provide  several  lines  of  evidence  here  to  support 
(Chen  et  al. ,  2007a,  b).  In  a  panel  of  breast  cancer  that  WWP1  upregulates  ErbB2  and  EGFR  indirectly 

cell  lines,  the  expression  levels  of  WWP1  appear  to  through  inhibiting  RNF11.  First,  WWP1  interacts  with 

be  associated  with  the  ErbB2  levels  (Supplementary  RNF11  through  the  WW/PY  motifs.  Second,  both 

Figure  S8).  WWP1  overexpression  and  RNF1 1  ablation  increase  the 

ErbB2  and  EGFR  levels.  Most  importantly,  RNF11 
ablation  can  rescue  the  WWP1  knockdown  induced 
ErbB2  and  EGFR  downregulation.  The  notion  that 
Discussion  WWP1  inhibits  RNF1 1  is  further  supported  by  the  facts 

that  RNF11  promotes  (Subramaniam  et  al .,  2003; 
The  WWP1  gene  undergoes  frequent  genomic  amplifi-  Li  and  Seth,  2004)  but  WWP1  suppresses  TGF-(3 

cation  at  8q21  and  concomitant  overexpression  in  signaling  (Komuro  et  al .,  2004;  Seo  et  al .,  2004;  Moren 

human  prostate  and  breast  cancers.  Functionally,  forced  et  al .,  2005).  Finally,  co-expression  of  WWP1  and 

overexpression  of  WWP1  promotes  cell  proliferation  in  RNF11  provides  the  opportunity  for  WWP1  to  inhibit 

an  E3  ligase  independent  manner,  and  WWP1  knock-  RNF11  in  prostate  and  breast  cancer  cells.  These 

down  significantly  suppresses  cancer  cell  proliferation  findings  suggest  that  WWP1  may  suppress  the  RNF11 
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activity  and  then  upregulate  the  ErbB2  and/or  EGFR 
levels.  Thus,  WWP1  may  function  through  RNF11  to 
promote  EGF  signaling  and  to  inhibit  TGF-(3  signaling. 

The  protein  interaction  between  WWP1  and  RNF11 
is  supported  by  several  lines  of  results.  First,  RNF11 
was  reported  to  be  a  WWP1  interacting  protein  by  two 
independent  yeast  two-hybrid  experiments  (Azmi  and 
Seth,  2005;  Rual  et  al .,  2005).  Second,  we  demonstrated 
that  WWP1  interacts  with  RNF11  in  vivo  by  GST 
pull-down  assays  and  reciprocal  co-IP  experiments 
(Figures  3a-c).  The  PY  motif  of  RNF11  and  the  WW 
domains  of  WWP1  are  responsible  for  the  protein 
interaction.  We  further  showed  that  the  GST-WWP1 
protein  directly  interacts  with  the  RNF11  protein 
in  vitro  (Figure  3d).  Importantly,  we  demonstrated  that 
endogenous  WWP1  interacts  with  endogenous  RNF11 
in  vivo  (Figure  3e).  Finally,  WWP1  and  RNF11 
co-localize  in  the  endosomal  system  as  determined 
by  immunofluorescence  staining  (Figure  3f).  Taken 
together,  the  WWP1  protein  interacts  with  the  RNF11 
protein  through  the  WW/PY  motifs. 

The  consequence  of  protein  interaction  between 
WWP1  and  RNF11  is  that  both  proteins  can  be 
mutually  ubiquitinated  (Figure  4  and  Supplementary 
Figure  S4).  However,  degradation  of  the  WWP1  and 
RNF11  proteins  is  not  affected.  WWP1  upregulates 
both  ErbB2  and  EGFR  in  MCF10A  and  MDA-MB-231 
in  a  ligase  activity  independent  manner  (Figure  la) 
suggests  that  the  ubiquitination  of  RNF11  may  not  be 
essential  for  WWP1  to  upregulate  ErbB2  and  EGFR. 
Under  physiological  conditions,  we  cannot  exclude  that 
WWP1  regulates  the  RNF11  activity  through  mUb  or 
multi-mUb  because  WWP1  is  rarely  mutated,  at  least  in 
prostate  cancer  cells  (Chen  et  al .,  2007a).  The  RNF11 
protein  is  an  ubiquitin  receptor  containing  an  ubiquitin- 
interacting  motif.  Ubiquitin  receptors  frequently  under¬ 
go  mUb,  which  contributes  to  membrane  receptor 
endocytosis  and  degradation  (Hoeller  et  al .,  2006).  It 
was  proposed  that  the  mUb  of  ubiquitin  receptors 
blocks  the  endocytosis-signaling  transduction  because  of 
intramolecular  interactions  between  ubiquitins  and  their 
ubiquitin-binding  domains  (Hoeller  et  al .,  2006). 
Whether  mUb  of  RNF1 1  inactivates  the  RNF1 1  activity 
of  downregulating  ErbB2  and  EGFR  requires  further 
studies. 

WWP1  does  not  change  the  subcellular  localization  of 
RNF11.  RNF11  was  shown  to  localize  to  endosomal 
membranes  (Anderson  et  al .,  2007).  WWP1  can  also  be 
recruited  to  the  endosome  (Plant  et  al .,  1997; 

Martin-Serrano  et  al .,  2005).  WWP1  has  been  reported 
to  export  p53  out  of  the  nucleus  (Laine  and  Ronai, 
2007).  However,  we  found  that  WWP1  does  not  alter  the 
RNF11  localization  (Figure  3e  and  data  not  shown). 
Thus,  a  possible  explanation  is  that  the  WWP1  binding 
may  be  sufficient  to  affect  the  RNF11  activity. 

RNF  11  has  been  proposed  to  downregulate  EGFR 
through  targeting  AMSH  (an  EGFR  deubiquitinating 
enzyme)  for  degradation  by  forming  a  complex  with 
Smurf2  (Burger  et  al .,  2006).  Whether  the  WWP1  and 
RNF11  complex  targets  AMSH  for  degradation  needs 
further  investigation.  Several  other  molecules  involved 
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in  EGFR  endocytosis,  including  EPS  15  and  Cbl,  may 
also  be  regulated  by  WWP1  and  RNF11.  EPS  15  and 
Cbl  have  been  demonstrated  to  be  RNF 11 -interacting 
proteins  in  yeast  two-hybrid  experiments  (Azmi  and 
Seth,  2005).  WWP1  has  been  shown  to  increase  the 
ubiquitination  of  EPS15  (Woelk  et  al .,  2006;  Chen  and 
Matesic,  2007).  In  addition,  a  WWP1  family  member, 
Itch/AIP4,  has  been  shown  to  promote  Cbl  ubiquitina¬ 
tion  (Magnifico  et  al.,  2003).  Therefore,  we  cannot 
exclude  that  WWP1  also  upregulates  ErbB2  and  EGFR 
through  RNF  11  independent  mechanisms,  such  as 
EPS  15  and  Cbl.  As  RNF  11  ubiquitinates  WWP1,  it  is 
also  possible  that  RNF  11  inhibits  the  WWP1  activity. 
The  mechanism  by  which  RNF  11  regulates  ErbB2  and 
EGFR  receptors  remains  to  be  confirmed  by  indepen¬ 
dent  studies. 

The  RNF  11  protein  has  been  shown  to  be  over¬ 
expressed  in  breast  tumors  by  IHC  (Subramaniam  et  al., 
2003).  RNF  11  may  also  be  involved  in  Parkinson’s 
disease  (Anderson  et  al.,  2007).  We  found  that  WWP1 
and  RNF  11  are  concomitantly  upregulated  in  some 
prostate  and  breast  cancer  cell  lines  (Figure  7).  It  is 
possible  that  RNF  11  is  neutralized  by  elevated  WWP1 
in  prostate  and  breast  cancer  cell  lines.  The  mechanism 
of  RNF  11  overexpression  in  cancer  cells  is  not  clear, 
although  the  WWP1  overexpression  is  caused  by  gene 
amplification.  The  expression  correlation  between 
WWP1  and  ErbB2  still  need  to  be  validated  in  breast 
tumors  by  IHC. 

In  summary,  we  found  that  WWP1  upregulates  both 
ErbB2  and  EGFR  receptors  through  inhibiting  the 
RNF1 1  activity.  Given  the  important  role  of  ErbB2  and 
EGFR  in  cell  proliferation,  survival  and  tumorigenesis, 
our  findings  that  WWP1  and  RNF1 1  regulate  the  ErbB2 
and  EGFR  levels  may  have  a  profound  impact  in 
understanding  the  role  of  WWP1  and  RNF  11  in  the 
development  and  progression  of  human  cancer  or  other 
diseases. 


Materials  and  methods 

Antibodies  and  reagents 

The  anti-GST  (no.  G7781),  anti-(3-actin  (no.  A5441),  anti- 
FLAG  and  anti-V5  antibodies  (Abs)  were  purchased  from 
Sigma  (St  Louis,  MO,  USA).  The  anti-Myc,  anti-PARP,  anti- 
pERK  and  anti-ERK  Abs  are  from  Cell  Signaling  (Danvers, 
MA,  USA).  The  anti-ErbB2  Ab,  anti-HA  Ab  and  protein  A/G 
Plus-agarose  IP  reagent  (sc-2003)  are  from  Santa  Cruz 
Biotechnology  Inc.  (Santa  Cruz,  CA,  USA).  The  anti-EGFR 
Ab,  R-phycoerythrin  (PE)-conjugated  anti-EGFR  and  anti- 
ErbB2  Abs  and  IgG2b  k  isotype  control  are  from  BD 
Biosciences  (San  Jose,  CA,  USA).  The  anti-WWPl  Ab  is 
from  Novus  Biologicals  Inc.  (Littleton,  CO,  USA).  The  rabbit 
anti-RNFll  Ab  has  been  described  in  a  previous  study 
(Subramaniam  et  al.,  2003).  The  mouse  anti-RNFll  antibody 
was  purchased  from  Abnova  (Taiwan).  All  anti-WWPl 
and  anti-RNFll  siRNA  were  purchased  from  Dharmacon 
(Lafayette,  CO,  USA).  The  target  sequence  for  WWP1  siRNA 
is  5/-GACCAAAGCTTTCCTTGAT-3/.  The  target  sequence 
for  RNF  11  siRNA  1  is  5'-GAT G ACT GGTT GAT GAGAT-3' . 
The  target  sequence  for  RNF  11  siRNA  2  is  5'-TAGGATAGCT 
CAAAGAATA-3'.  EGF  was  purchased  from  Peprotech  Inc. 
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(Rocky  Hill,  NJ,  USA).  Lapatinib  was  purchased  from  LC 
laboratories  (Woburn,  MA,  USA). 


Plasmid  constructions 

Myc-WWPl  (mouse),  Myc-WWPlC886S  (mouse),  WWP1 
(human)  and  WWP1C890A  (human)  have  been  described  in 
previous  studies  (Chen  et  al .,  2005,  2007b).  A  plasmid  pRSET- 
BmCherry,  expressing  a  red  fluorescence  protein  mCherry,  was 
kindly  provided  by  Dr  Roger  Y  Tsien  (Shaner  et  al. ,  2004). 
The  mCherry  gene  was  amplified  with  primers  mCh-F  and 
mCh-R  (all  primers  are  listed  in  Supplementary  Table  1)  and 
cloned  into  the  pCMV-Myc-WWPl  vector.  The  resulting 
construct  Myc-mCherry-WWPl  was  confirmed  by  DNA 
sequencing.  To  generate  GST-RNF11AR,  the  cDNA  encoding 
the  first  93  amino  acids  of  RNF11  was  amplified  and  cloned 
into  the  pEBG  vector.  RNF11-V5  and  RNF11AR-V5  were 
amplified  with  primers  RNF11-F  and  RNF11-V5-R  or 
RNF11AR-V5-R  and  cloned  into  the  pEenti6/V5  vector.  The 
WW  domains  1-4  from  human  WWP1  were  amplified  by 
PCR  using  the  corresponding  primers  listed  in  Supplementary 
Table  1  and  cloned  into  the  pEBG  vector  individually. 


Mutagenesis 

To  generate  WWP1  siRNA  resistant  WWP1  cDNA,  we 
silently  mutated  five  nucleotides  within  the  siRNA  target 
sequence  (from  5'-GCTTTCCTTGAT-3/  to  5'-GCCTTTTTG 
GAC-3'),  using  a  PCR-based  approach. 

Cell  culture  and  transfection 

The  HEK293T  and  MDA-MB-231  cells  were  maintained  in 
DMEM  media  with  5%  FBS  and  1%  penicillin  and 
streptomycin  in  the  incubator  with  5%  C02.  MCF10A, 
MCF7,  HCC1500  and  PC-3  cell  lines  were  cultured  as 
described  in  our  previous  studies  (Chen  et  al .,  2007a,  b).  All 
plasmids  and  siRNAs  were  transfected  into  cells  using  the 
Eipofectamine  2000  reagent  (Invitrogen,  Carlsbad,  CA,  USA). 


Measurement  of  the  cell  surface  ErbB2  and  EGFR  level  by  flow 
cytometry 

MCF10A  cells  were  transfected  with  different  siRNAs  for  2 
days.  The  cells  were  trypsinized,  centrifuged  and  resuspended 
in  the  PBS  buffer  with  2%  BSA  (80  pi  for  1  million  cells).  The 
cells  were  incubated  with  20  pi  anti-ErbB2,  anti-EGFR  Abs  or 
IgG  for  30  min  at  4  °C.  Following  that,  the  unbound  Abs  were 
removed  by  centrifuge.  The  cells  were  washed  once  and 
resuspended  with  the  PBS  buffer  with  2%  BSA  for  flow 
cytometry. 


GST  pull-down  and  co-immunoprecipitation 
The  GST  pull-down  assay  and  IP  using  the  anti-Myc  Ab  was 
performed  as  described  in  our  previous  study  (Chen  et  al ., 
2005).  For  the  GST  pull-down  assay  in  vitro ,  RNF11  and 
RNF11Y40A  proteins  were  translated  in  vitro  using  the  TNT 


Quick  Coupled  Transcription/Translation  Systems  (Promega, 
WI,  USA)  in  the  presence  of  35S-methinone  (MP  Biomedicals, 
OH,  USA). 

Ubiquitin  conjugation  assay 

The  Ubiqui tin-Protein  Conjugation  Kit  (BostonBiochem, 
MA,  USA)  was  used  for  the  in  vitro  ubiqui tination  assay  as 
described  in  our  previous  study  (Chen  et  al .,  2005).  For  the 
RNF11  and  WWP1  ubiquitin  assay  in  vivo ,  HEK293T  cells 
were  transfected  with  HA-Ub  and  other  constructs  as 
necessary.  At  48  h  after  transfection,  the  cells  were  collected 
and  pulled  down  with  Glutathione  Sepharose  4B  beads  or 
FFAG-M2  agarose  beads  under  denaturing  conditions.  Eluted 
proteins  were  subjected  to  immunoblotting. 

qRT-PCR 

Total  RNA  was  extracted  using  the  Trizol  reagent 
(Invitrogen).  The  cDNA  was  prepared  by  using  the  iScript 
cDNA  synthesis  kit  (Bio-Rad,  Hercules,  CA,  USA).  Quanta- 
tive  RT-PCR  was  performed  using  the  Absolute  QPCR  SYBR 
green  fluorescein  mixes  (ABgene,  Surrey,  UK).  Primer 
sequences  for  RNF11  are  shown  in  Supplementary  Table  1. 
All  qPCRs  were  performed  in  duplicate.  The  average  ratio  of 
RNF11  to  glyceraldehyde  3-phosphate  dehydrogenase 
(GAPDH)  control  in  normal,  primary  and  immortalized 
epithelial  cells  was  defined  as  1,  and  the  ratios  for  other 
samples  were  normalized  accordingly.  RNF11  overexpression 
was  defined  in  a  sample  when  the  ratio  of  RNF1 1  to  GAPDH 
was  ^2. 


Abbreviations 

EGFR,  epithelial  growth  factor  receptor;  ErbB2,  erythroblas¬ 
tic  leukemia  viral  oncogene  homolog  2;  GST,  glutathione  S- 
transferase;  HECT,  homologous  to  the  E6-associated  protein 
C  terminus;  IHC,  immunohistochemistry;  IP,  immunoprecipi- 
tation;  mUb,  monoubiquitination;  RING,  really  interesting 
new  gene;  RNF11,  RING  finger  protein  11;  TGF-|3,  trans¬ 
forming  growth  factor-  (3;  WT,  wild  type;  WWP1,  WW  domain 
containing  E3  ubiquitin  protein  ligase  1. 
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WW  domain-containing  E3  ubiquitin  protein  ligase  1 
targets  p63  transcription  factor  for  ubiquitin-mediated 
proteasomal  degradation  and  regulates  apoptosis 


Y  Li1,  Z  Zhou1  and  C  Chen*’1 


WWP1  E3  ubiquitin  ligase  has  previously  been  shown  to  be  frequently  amplified  and  overexpressed  in  prostate  and  breast 
cancers.  However,  the  mechanism  of  WWP1  action  is  still  largely  unknown.  p63,  a  member  of  the  p53  family  of  transcription 
factors,  has  an  important  function  in  tumor  development  by  regulating  apoptosis.  Using  alternative  promoters,  p63  can  be 
expressed  as  ANp63  and  TAp63.  Increasing  evidence  suggests  that  TAp63  sensitizes  cells  to  apoptosis  but  ANp63  has  an 
opposite  function.  In  this  study,  we  show  that  WWP1  binds,  ubiquitinates,  and  destructs  both  ANp63a  and  TAp63a.  The  protein- 
protein  interaction  occurs  between  the  PY  motif  of  p63  and  the  WW  domains  of  WWP1.  The  knockdown  of  WWP1  by  siRNA 
increases  the  endogenous  ANp63a  level  in  the  MCF10A  and  184B5  immortalized  breast  epithelial  cell  lines  and  confers 
resistance  to  doxorubicin-induced  apoptosis.  On  the  other  hand,  the  knockdown  of  WWP1  increases  the  endogenous  level  of 
TAp63a,  induces  apoptosis,  and  increases  sensitivity  to  doxorubicin  and  cisplatin  in  the  HCT116  colon  cancer  cell  line  in  a 
p53-independent  manner.  Finally,  we  found  that  DNA  damage  chemotherapeutic  drugs  induce  WWP1  mRNA  and  protein 
expression  in  a  p53-dependent  manner.  These  data  suggest  that  WWP1  may  have  a  context-dependent  role  in  regulating  cell 
survival  through  targeting  different  p63  proteins  for  degradation. 
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The  WW  domain  containing  E3  ubiquitin  protein  ligase  1 
(WWP1)  belongs  to  the  C2-WW-HECT  type  E3  family,  which 
comprises  eight  other  members  including  NEDD4,  AIP4/ltch, 
SMURF1 ,  and  SMURF2.1  All  family  members  share  a 
distinctive  domain  structure:  a  C2  domain  at  the  N  terminus 
for  calcium-dependent  phospholipid  binding,  2-4  WW 
domains  in  the  middle  for  protein-protein  interaction  with  PY 
motifs,  and  a  HECT  domain  at  the  C  terminus  for  the  ubiquitin 
transfer.  Four  family  members  including  WWP1,2,3  NEDD4,4 
SMURF1,5  and  SMURF2,6  have  been  shown  to  be  over¬ 
expressed  in  different  tumor  types. 

WWP1  is  a  potential  oncogene  that  undergoes  genomic 
amplification  and  overexpression  in  a  subset  of  prostate  and 
breast  cancers.2,3  The  WWP1  gene  is  located  at  8q21,  a 
chromosomal  region  frequently  amplified  in  human  prostate 
and  breast  cancers.  About  31-51%  of  cancer  samples  show 
gene  copy  number  gains  for  WWP1.  Furthermore,  WWP1  is 
overexpressed  in  58-60%  of  prostate  and  breast  cancer 
samples.  Functionally,  WWP1  knockdown  significantly 
suppresses  cell  proliferation  and/or  induces  apoptosis  in 
several  prostate  and  breast  cancer  cell  lines  2,3  suggesting 
that  WWP1  could  be  a  promising  molecular  target  for  cancer 
therapy. 

WWP1  is  an  intrinsic  E3  ubiquitin  ligase  for  multiple 
important  proteins  involved  in  tumorigenesis.  The  transform¬ 


ing  growth  factor-/?  signaling  pathway  is  well  known  to 
suppress  epithelial  proliferation  and  induce  apoptosis  but 
promote  tumor  development  at  later  stage.  Several  studies 
suggest  that  WWP1  negatively  regulates  the  TGF-/?  signaling 
by  targeting  its  molecular  components,  including  TGF -/? 
receptor  1  (T^RI),7  Smad2,8  and  Smad49  for  ubiquitin- 
mediated  degradation.  In  addition,  WWP1  has  been  reported 
to  target  several  oncogenic  factors  such  as  Notch,10  RUI1X21 1 
and  KLF512  for  ubiquitin-mediated  proteolysis.  Recently, 
WWP1  has  been  demonstrated  to  inhibit  p53  activity  through 
exporting  p53  from  the  nucleus  by  ubiquitination. 13  However, 
the  role  of  WWP1  in  tumorigenesis  remains  to  be  elucidated. 

The  p63  transcription  factor,  a  member  of  the  p53  family, 
shares  DNA  binding,  oligomerization  and  possible  transacti¬ 
vation  (TA)  domains  with  p53  and  p73.14  Using  alternative 
promoters,  p63  can  be  expressed  as  ANp63  and  TAp63  that 
have  opposite  functions  in  transcription  control.15  There  are 
three  isoforms  (a,  /?,  y)  for  both  TAp63  and  ANp63  because  of 
the  RNA  splicing.16  All  TAp63  isoforms  contain  an  N-terminal 
p53-like  transactivation  domain  which  can  transactivate 
traditional  p53  target  genes.  Like  p53,  TAp63  promotes 
apoptosis  through  the  death  receptor  and  mitochondrial 
pathways.  In  contrast  to  TAp63,  increasing  evidence  sug¬ 
gests  that  ANp63  isoforms  could  be  oncoproteins  with  an  anti- 
apoptotic  activity.  All  ANp63  isoforms  lack  the  TA  domain  but 
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still  contain  the  DNA-binding  domain  and  oligomerization 
domain,  suggesting  that  ANp63  may  function  as  dominant¬ 
negative  forms  of  TAp63.  Indeed,  the  ANp63  isoforms  have 
been  shown  to  act  as  transcriptional  repressors  both  in  vitro 
and  in  vivo  and  strongly  oppose  the  function  of  TAp63,  TAp73 
and  p53.16  Numerous  studies  have  shown  that  ANp63a  is  the 
predominate  isoform  expressed  in  epithelial  tissues  including 
epidermis,  prostate  and  breast.16  p63  knockout  mice  fail  to 
develop  skin,  prostate  and  mammary  glands  among  other 
defects  because  of  depletion  of  stem  cells.17,18  Similarly, 
inhibition  of  the  endogenous  ANp63a  expression  by  RNAi 
induces  epithelial  apoptosis.19,20  In  addition,  the  ectopic 
expression  of  ANp63  in  fibroblast  cells  induces  anchorage- 
independent  growth  and  tumor  growth  in  nude  mice.21 

All  p53  family  members  are  degraded  through  the  ubiquitin— 
proteasome  pathway.22  Multiple  E3  ligases  including  Mdm2, 
ARF-BP,  Copl  and  Pirh2  have  been  demonstrated  to  target 
p53  for  ubiquitin-mediated  degradation  22  The  receptor  of 
activated  protein  C  kinase-Elongin-C/B  ubiquitin  ligase  com¬ 
plex  has  been  proposed  to  be  an  E3  ligase  for  ANp63oc.23 
Recently,  two  WWPl  family  members,  Itch  and  Nedd4  have 
been  shown  to  promote  ubiquitination  and  degradation  of  the 
p63  proteins.24,25  In  addition,  the  inhibition  of  Itch  potentiates 
the  killing  effect  of  doxorubicin  in  HeLa  cells.26 

Given  the  frequent  expression  alteration  of  WWPl  in 
human  cancers,  it  is  important  to  know  whether  WWPl 
regulates  apoptosis  through  promoting  p63  degradation. 
Here,  we  show  that  WWPl  targets  both  ANp63a  and  TAp63a 


for  ubiquitin-mediated  proteasomal  degradation.  Importantly, 
we  demonstrate  that  WWPl  regulates  apoptosis  and  drug 
sensitivity  in  a  p63-dependent  manner.  Lastly,  we  found 
WWPl  is  induced  by  DNA  damage  therapeutic  drugs  in  a  p53- 
dependent  manner.  These  findings  help  us  understand  the 
mechanism  of  WWPl  action  in  human  cancer  and  may 
provide  better  designs  for  future  cancer  treatment. 


Results 

WWPl  interacts  with  p63a  through  the  WW/PY 
motifs.  The  p63a  protein  has  been  shown  to  interact  with 
Itch  and  Nedd4  through  the  PY/WW  motif  interaction.24,25  To 
test  whether  WWPl  interacts  with  p63a,  we  first  tested  if 
p63a  can  be  co-immunoprecipitated  with  WWPl.  A  plasmid 
expressing  Myc-WWP1C886S  (a  catalytic  inactive  mouse 
WWPl  mutant)  and  plasmids  expressing  either  FLAG- 
ANp63a  or  FLAG-TAp63a  were  transfected  into  LinX  cells. 
Myc-WWP1C886S  was  efficiently  immunoprecipitated  by  the 
anti-Myc  antibody  (Figure  la).  We  found  that  both  FLAG- 
ANp63a  and  FLAG-TAp63oc  are  co-immunoprecipitated  with 
Myc-WWP1C886S.  The  anti-Myc  antibody  itself  cannot 
immunoprecipitate  the  p63a  proteins  without  the  expression 
of  Myc-WWP1C886S,  suggesting  that  the  interactions  are 
specific. 

Then  we  tested  whether  the  protein-protein  interaction 
between  WWPl  and  p63a  is  through  the  WW/PY  motifs.  We 
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Figure  1  The  WWPl  protein  interacts  with  p63a  proteins  through  the  WW/PY  motifs  in  mammalian  cells,  (a)  Both  FLAG-ANp63a  and  FLAG-TAp63a  are  co-precipitated 
with  Myc-WWP1C886S.  LinX  cells  were  co-transfected  with  different  combinations  of  expression  plasmids  for  Myc-WWPI  C886S,  FLAG-ANp63a  and  FLAG-TAp63a.  IP  was 
performed  using  anti-Myc  Ab.  Myc-WWPI C886S  was  probed  by  anti-WWPI  Ab.  The  catalytic  inactive  WWPl  mutant  was  used  to  avoid  p63  degradation  by  WT  WWPl. 
/Factin  serves  as  a  loading  control  for  the  input,  (b)  Both  FLAG-ANp63a  and  FLAG-TAp63a  interact  with  WWPl  through  the  PY  motif.  FLAG-ANp63aY449F  and 
FLAG-TAp63aY543F  are  two  p63a  mutants  in  which  the  PY  motifs  are  disrupted  by  substituting  the  Tyr  (Y)  residue  with  the  Phe  (F)  residue.  The  Myc-WWPI  C886S- 
transfected  LinX  (without  FLAG-p63a)  was  used  as  a  negative  control,  (c)  WWPl  binds  to  FLAG-ANp63a  but  not  FLAG-ANp63aY449F  through  WW  domains,  as  determined 
by  GST  pull-down  assays.  Four  WW  domains  of  WWPl  were  individually  or  collectively  expressed  as  GST  fusion  proteins  in  LinX  cells,  (d)  The  endogenous  WWPl  protein 
forms  a  complex  with  the  endogenous  ANp63a  protein  in  MCF10A.  The  WWPl  protein  was  probed  with  the  rabbit  anti-WWPI  antibody.  The  same  amount  of  mouse  IgG 
nonspecifically  immunoprecipitated  few  ANp63a  after  extensive  washing.  However,  anti-WWPI  Ab  immunoprecipitated  much  more  ANp63a  than  the  IgG  control  under  the 
same  conditions,  (e)  The  endogenous  WWPl  protein  forms  a  complex  with  the  endogenous  TAp63a  protein  in  HCT116 
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mutated  the  PY  motifs  in  p63a  (Y449F  for  ANp63a  and  Y543F 
for  TAp63a)  and  performed  immunoprecipitation  (IP)  with 
these  mutants.  We  found  that  both  PY  motif-mutated  p63a 
proteins  cannot  efficiently  interact  with  Myc-WWP1C886S 
(Figure  1b),  suggesting  that  the  PY  motifs  in  ANp63a  and 
TAp63a  are  required  to  interact  with  WWP1.  Following  that, 
we  asked  which  WW  domain  of  WWP1  participates  in  the 
protein  interaction  with  p63oc.  We  fused  each  of  the  four  WW 
domains  of  WWP1  to  the  C  terminus  of  GST  and  performed 
GST  pull-down  assays  with  FLAG-ANp63a  in  LinX  cells.  As 
shown  in  Figure  1c,  GST  itself  does  not  pull  down  any  FLAG- 
ANp63a,  but  all  four  GST-WW  proteins  pull  down  different 
amounts  of  FLAG-ANp63a.  The  GST-WW1  protein  pulls 
down  much  more  FLAG-ANp63oc  than  the  rest  of  GST-WW 
proteins,  although  the  expression  levels  of  GST-WW  and 
FLAG-ANp63a  are  similar  in  the  different  groups.  Consis¬ 
tently,  GST-WW  (1-2)  pulls  down  more  FLAG-ANp63a  than 
GST-WW  (3-4).  These  findings  suggest  that  the  first  WW 
domain  may  have  a  major  function  for  p63a  binding. 
Consistent  with  the  results  in  Figure  1b,  both  GST-WW1 
and  GST-WW  (1-2)  pull  down  WT  but  not  the  PY  motif- 
mutated  ANp63a  (Figure  1c,  right  panel).  Taken  together,  the 
protein  interaction  between  WWP1  and  p63a  is  through  the 
WW/PY  motifs. 

Finally,  we  immunoprecipitated  the  endogenous  WWP1 
proteins  from  MCF10A  by  using  anti-WWPI  Ab  and  found  that 
the  endogenous  ANp63a  protein  is  in  the  same  complex 
(Figure  Id).  Similarly,  we  detected  protein  interaction  between 
endogenous  WWP1  and  endogenous  TAp63a  in  HCT116 
(Figure  1e).  These  results  suggest  that  the  protein  interaction 
between  WWP1  and  p63oc  could  occur  at  the  physiological  level. 


ubiquitinates  the  p63a  proteins  in  mammalian  cells.  To  this 
end,  we  transfected  the  expression  constructs  for  WT 
hWWPI  or  the  catalytic  inactive  mutant  hWWP1C890A, 
FLAG-ANp63oc  or  FLAG-TAp63a,  and  Myc-Ub  into  LinX  cells. 
We  performed  IP  with  the  anti-FLAG  antibody  conjugated  M2 
beads  under  a  denaturing  condition  to  eliminate  any  p63a- 
associated  proteins  through  non-covalent  bonds.  The 
ubiquitin-conjugated  p63oc  proteins  were  detected  by 
western  blot  with  anti-Myc  Ab.  As  shown  in  Figure  2a,  WT 
WWP1  significantly  increases  the  ubiquitination  of  both 
TAp63oc  and  ANp63a  compared  with  the  vector  control, 
whereas  the  catalytic  inactive  WWP1C890A  does  not.  We 
noticed  that  WWP1  shows  a  higher  ubiquitination  activity 
towards  the  ANp63  isoform  compared  with  the  TAp63 
isoform.  The  format  of  p63  ubiquitination  by  WWP1  is  most 
likely  polyubiquitination  because  a  smear  of  band  above  the 
unmodified  p63a  was  detected  for  both  TAp63a  and  ANp63a. 
These  results  indicate  that  WWP1  polyubiquitinates  both 
ANp63a  and  TAp63a  through  its  E3  ligase  activity. 

In  addition,  we  examined  the  ubiquitination  of  the  PY  motif- 
mutated  ANp63aY449F  and  TAp63ocY543F  by  WWP1.  As 
shown  in  Figure  2b,  WWP1  only  ubiquitinates  WT  p63a  but  not 
PY  motif-mutated  p63a  under  the  same  conditions.  We 
conclude  that  the  protein  interaction  is  essential  for  WWP1 
to  ubiquitinate  p63a. 

To  investigate  whether  endogenous  WWP1  contributes  to 
the  endogenous  ANp63a  ubiquitination,  we  knocked  down 
WWP1  in  MCF10A  by  a  WWP1  siRNA  and  examined  the 
ubiquitination  of  ANp63a.  Compared  with  the  Luc  siRNA,  the 
WWP1  siRNA  efficiently  silenced  the  WWP1  protein  expres¬ 
sion,  elevated  the  ANp63a  protein  level  and  decreased  the 
ubiquitinated  ANp63a. 


WWP1  ubiquitinates  p63a  in  cultured  mammalian 

cells.  As  the  WWP1  E3  ligase  interacts  with  both  ANp63a  WWP1  promotes  p63a  proteasomal  degradation.  To  test 
and  TAp63a,  we  next  determined  whether  WWP1  whether  WWP1  targets  p63 oc  for  degradation,  we  first 
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Figure  2  WWP1  ubiquitinates  p63a  proteins  in  mammalian  cells,  (a)  WWP1  ubiquitinates  both  TAp63a  and  ANp63a  using  its  E3  ligase  activity.  LinX  cells  were 
co-transfected  with  expressing  plasmids  for  Myc-Ub,  WWP1 ,  WWP1C890A,  FLAG-ANp63a  and  FLAG-TAp63a,  as  indicated.  The  cells  were  treated  with  20  /iM  proteasome 
inhibitor  MG132  overnight  to  accumulate  the  ubiquitinated  p63a  before  harvest.  The  IP  was  performed  with  the  anti-FLAG  M2  beads  under  denaturing  conditions. 
Immunoblotting  was  performed  with  the  indicated  Abs.  The  ubiquitin  modified  p63a  proteins  were  detected  by  anti-Myc  Ab.  As  majority  of  FLAG-ANp63a  is  polyubiquitinated 
by  WWP1,  much  less  unmodified  FLAG-ANp63a  was  detected  when  WWP1  is  co-transfected.  (b)  WWP1  specifically  ubiquitinates  WT  but  not  PY  motif-mutated  p63a.  (c) 
Endogenous  WWP1  ubiquitinates  endogenous  ANp63a  in  MCF10A.  WWP1  was  knocked  down  by  siRNA#1 .  Luc  siRNA  was  used  as  a  control.  MG132  was  not  added.  IP  was 
performed  under  a  denaturing  condition  using  anti-p63  Ab  and  protein  A  beads 
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measured  the  steady-state  levels  of  both  TAp63a  and 
ANp63a  in  the  presence  and  absence  of  WWPl.  As  shown 
in  Figure  3a,  the  steady-state  levels  of  both  TAp63a  and 
ANp63a  are  decreased  in  WT  WWPl,  but  not  in 
WWP1C890A,  overexpressing  LinX  cells.  To  further 
determine  whether  the  protein  interaction  between  p63a 
and  WWPl  is  required  for  degradation  of  p63a,  we  measured 
the  steady-state  protein  level  of  ANp63aY449F  in  the 
presence  of  WWPl  or  WWP1C890A.  As  expected,  WT 
WWPl  fails  to  decrease  the  steady-state  level  of 
ANp63aY449F  (Figure  3a). 

To  further  investigate  whether  the  decrease  of  p63a  by 
WWPl  is  because  of  the  increase  of  protein  degradation,  we 
measured  the  half-lives  of  ANp63a  and  TAp63a  in  the 
presence  and  absence  of  WWPl  by  cycloheximide  (CHX) 
chase  assays.  As  shown  in  Figure  3b,  both  the  ANp63a  and 
TAp63a  proteins  have  a  long  half-life  (>10h)  in  LinX  cells. 
When  WT  WWPl  is  overexpressed,  the  half-lives  are 
dramatically  decreased  to  about  3.2  h  for  ANp63a 
(Figure  3c)  and  about  7.5  h  for  TAp63oc  (Figure  3d).  The 
catalytic  inactive  WWP1C890A  only  slightly  decreases 
the  half-life  of  ANp63a  and  TAp63oc  when  compared  with  the 
empty  vector  (Figure  3c  and  d).  As  the  PY  motif  mutant  p63oc 
cannot  interact  with  WWPl,  we  wondered  whether  WWPl 
cannot  decrease  the  half-lives  of  these  mutant  p63a.  Indeed, 
we  found  that  both  ANp63ocY449F  and  TAp63aY543F  are 
resistant  to  WWPl -mediated  degradation  (Figure  3b-d). 


The  degradation  of  p63oc  by  WWPl  is  most  likely  through 
the  proteasome  as  p63a  is  polyubiquitinated  by  WWPl.  To 
test  if  the  proteasome  is  involved  in  p63a  degradation  by 
WWPl ,  we  performed  CHX  chase  assays  in  the  presence  of 
the  proteasome  inhibitor  MG  132  (10/rM).  As  shown  in  Figure 
3(b-d),  WWPl -induced  p63a  degradation  is  blocked  by 
MG  132,  suggesting  that  the  degradation  of  p63a  by  WWPl 
is  through  the  26S  proteasome. 

We  also  confirmed  that  endogenous  WWPl  decreases 
protein  half-life  of  endogenous  ANp63a.  The  WWPl  protein 
was  knocked  down  by  siRNA  in  MCF10A,  the  ANp63a  protein 
half-lives  were  measured  by  pulse  chase  assays.  As  shown  in 
Supplementary  Figure  SI,  WWPl  knockdown  dramatically 
extended  the  half-life  of  the  endogenous  ANp63a  protein. 


WWPl  targets  the  endogenous  ANp63a  protein  for 
degradation  and  sensitizes  immortalized  breast 
epithelial  cells  to  chemotherapeutic  drug  doxorubicin- 
induced  apoptosis.  To  determine  whether  WWPl  targets 
p63a  under  physiological  conditions,  we  knocked  down 
endogenous  WWPl  in  two  immortalized  breast  epithelial 
cell  lines  MCF10A  and  184B5  by  two  different  anti-WWPI 
siRNAs.  We  found  that  the  protein  levels  of  endogenous 
ANp63a,  the  major  p63  isoform  in  MCF10A  and  184B5,  are 
remarkably  elevated  in  both  cell  lines  when  WWPl  is 
knocked  down  by  both  siRNAs  (Figure  4a).  These  results 
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Figure  3  WWPl  promotes  proteasomal  degradation  of  p63a  proteins,  (a)  WT  WWPl  decreases  the  steady  levels  of  both  FLAG-TAp63a  and  FLAG-ANp63a  in  LinX  cells, 
as  determined  by  western  blot.  The  PY  motif  mutant  FLAG-ANp63aY449F  is  resistant  to  WWPl -mediated  degradation.  An  empty  vector  and  the  catalytic  inactive  mutant 
WWP1C890A  were  used  as  controls,  (b)  Measurement  of  protein  half-lives  by  cycloheximide  (CHX)  chase  assays  and  western  blot.  LinX  cells  were  co-transfected  with 
indicated  plasmids.  Forty-eight  hours  after  transfection,  the  cells  were  incubated  with  50  ^g/ml  CHX  for  different  times  (2-1 0  h)  and  collected  for  western  blot,  ^-actin  was  used 
as  a  loading  control.  MG132  (20  ^M)  was  added  together  with  CHX  as  necessary.  The  exposure  times  have  been  adjusted  for  each  panel  to  compare  protein  degradation. 

(c)  Quantative  results  of  ANp63a  from  panel  B  by  the  IMAGE  J  software.  The  normalized  p63a  at  Oh  was  defined  as  100.  V,  vector;  W,  WWPl;  Wm,  WWP1C890A. 

(d)  Quantative  results  of  TAp63a  from  panel  B  by  the  IMAGE  J  software 
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Figure  4  WWP1  siRNA  increases  the  endogenous  ANp63a  protein  and  confers  resistance  to  doxorubicin  in  immortalized  breast  epithelial  cells,  (a)  The  knockdown  of 
WWP1  by  two  different  siRNAs  increases  the  endogenous  levels  of  the  ANp63a  protein  in  the  MCF10A  and  184B5  immortalized  breast  epithelial  cells,  as  determined  by 
western  blot.  siRNAs  were  transfected  at  1 00  nM  for  48  h.  (b)  WWP1  knockdown  by  siRNAs  increases  the  cell  viability  in  MCF1 OA  cells.  Different  amounts  of  doxorubicin  were 
added  to  cells  48  h  after  siRNA  transfection.  The  cell  viability  was  analyzed  by  the  SRB  assay  2  days  later.  Error  bars  mean  S.D.  (same  for  all  figures  in  this  paper).  The  data 
was  collected  from  triplicate  samples.  The  experiments  were  performed  at  least  two  times  and  similar  results  were  obtained,  (c)  WWP1  knockdown  by  WWP1  siRNA#1 
significantly  decreases  the  doxorubicin  (0.5  /iM)  induced  apoptosis  in  MCF10A  as  determined  by  Annexin  V  staining.  **P<0.01  (f-test).  (d)  WWP1  knockdown  by  WWP1 
siRNA#1  decreases  the  doxorubicin-induced  PARP  and  caspase  3  activation  in  MCF10A,  as  determined  by  Western  blot.  The  cells  were  treated  with  doxorubicin  for  another 
24  h  after  siRNA  transfection  for  48  h.  The  cleaved  PARP  is  indicated  by  an  arrow,  (e)  ANp63a  siRNA  rescues  the  WWP1  siRNA-induced  doxorubicin  resistance  in  MCF1  OA. 
All  siRNAs  were  transfected  at  50  nM  for  72  h  in  total.  All  cells  were  treated  with  0.25  jM  doxorubicin  for  48  h 


suggest  that  WWP1  targets  the  endogenous  ANp63a  protein 
for  degradation. 

It  has  been  reported  that  ANp63a  is  essential  for  MCF10A 
to  survive.19  Therefore,  elevation  of  ANp63a  may 
confer  resistance  to  apoptosis.  To  test  this,  we  treated 
siRNA-transfected  MCF10A  cells  with  different  dosages  of 
doxorubicin  for  2  days  and  measured  the  cells  viability  by  SRB 
assays.  The  high  concentration  of  doxorubicin  (^1  ^M)  kills 
all  MCF1  OA  cells  at  the  same  efficiency  (Figure  4b).  However, 
the  WWP1  knockdown  MCF10A  cells  are  significantly  more 
resistant  to  low  concentrations  (0.25-0.5  yiM)  of  doxorubicin 
than  the  Ctrl-si-transfected  cells.  Two  different  anti-WWPl 
siRNAs  show  similar  results  although  Wsi#2  is  slightly  more 
effective  than  Wsi#1  possibly  because  of  inducing  more 
ANp63a  (Figure  4a).  We  further  measured  apoptosis  by  the 
Annexin  V  staining.  As  shown  in  Figure  4c,  Wsi#1  significantly 
(P<0.01)  reduced  doxorubicin  (0.5  ^M)  induced  Annexin  V 
positive  cells.  We  also  confirmed  apoptosis  by  the  measure¬ 
ment  of  the  cleaved  PARP  and  caspase3  levels,  two  typical 
molecular  markers  for  apoptosis.  As  shown  in  Figure  4d,  the 
cleaved  PARP  and  caspase3  are  induced  by  doxorubicin 
(0.25-0.5  ^M)  in  Ctrl-si-transfected  MCF10A.  In  contrast,  in 


Wsi#1  -transfected  MCF10A  cells,  the  cleaved  PARP  and 
caspase3  are  either  undetectable  or  at  low  levels  after 
treatment  of  doxorubicin  (0.25-0.5  ^M).  Consistently,  we 
noticed  that  the  ANp63a  protein  levels  are  elevated  in 
Wsi#1  -transfected  MCF1  OA  cells  without  or  with  low  concen¬ 
tration  of  doxorubicin.  However,  doxorubicin  decreases  the 
ANp63a  protein  levels  in  a  dosage-dependent  and  WWP1- 
independent  manner.  The  exact  mechanism  of  ANp63a 
degradation  by  doxorubicin  is  currently  unknown. 

To  further  test  whether  WWP1  regulates  apoptosis  through 
targeting  ANp63oc  for  degradation,  we  knocked  down  both 
WWP1  and  ANp63oc  in  MCF10A  and  treated  the  cells  with 
0.25  doxorubicin  (Figure  4e).  Consistent  with  the  previous 
results,  the  WWP1  siRNA-transfected  MCF10A  cells  show  a 
higher  level  of  ANp63a  and  lower  levels  of  cleaved  PARP  and 
cleaved  caspase  3  than  the  Ctrl-si-transfected  MCF1 0A  cells. 
As  reported,24  knockdown  of  ANp63oc  alone  increases  the 
levels  of  cleaved  PARP  and  cleaved  caspase  3.  More 
importantly,  knockdown  of  ANp63a  abolishes  the  WWP1 
siRNA-induced  ANp63a  increase  and  drug  resistance.  We 
also  confirmed  these  results  by  the  SRB  assay  (data  not 
shown).  These  findings  suggest  that  WWP1  regulates 
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apoptosis  and  drug  resistance  in  MCF10A  through  targeting 
ANp63a  for  degradation. 

WWPl  targets  the  endogenous  TAp63a  protein  for 
degradation  and  confers  cell  survival  in  a 
p53-independent  manner.  Based  on  the  results  in  Figure 
1-3,  WWPl  targets  not  only  ANp63a  but  also  TAp63a  for 
degradation.  Numerous  studies  have  shown  that  the 
endogenous  TAp63a  protein  is  usually  at  low  levels  in 
epithelial  cells.16  In  a  recent  study,  the  endogenous  TAp63a 
isoform  is  expressed  in  the  HCT116  colon  cancer  cell  line.27 
We  validated  the  expression  of  TAp63a  in  Figure  1e. 
Therefore,  we  sought  to  test  whether  WWPl  targets 
endogenous  TAp63oc  in  HCT116  cells  and  regulates 
apoptosis.  As  shown  in  Figure  5a,  we  efficiently  knocked 
down  WWPl  in  HCT116  using  two  different  anti-WWPI 
siRNAs.  As  expected,  the  endogenous  TAp63a  levels  are 


elevated  in  WWPl  knockdown  cells.  WWPl  siRNA#2 
causes  a  more  significant  increase  of  TAp63a  than 
siRNA#1  possibly  because  of  different  knockdown 
efficiency  in  this  cell  line.  Then  we  measured  apoptosis  by 
PARP  cleavage.  Consistent  with  the  elevated  TAp63a  levels, 
the  cleaved  PARP  protein  level  is  increased  in  the  WWPl 
knockdown  HCT116  cells.  We  confirmed  this  result  by 
measuring  cell  viability  with  SRB  assays.  We  found  that 
both  anti-WWPI  siRNAs  significantly  decrease  HCT116  cell 
viability  (Figure  5b).  Consistent  with  the  higher  levels  of 
TAp63a  and  cleaved  PARP,  siRNA#2  more  effectively 
decreases  cell  survival  than  siRNA#1.  WWPl  has  been 
shown  to  suppress  p53  function.13  To  further  determine 
whether  WWPl  regulates  apoptosis  through  p53  rather  than 
TAp63a,  we  performed  the  same  experiment  in  p53-null 
HCT1 16  cells.  There  is  no  significant  difference  between  the 
p53-null  HCT116  cells  and  the  p53  WT  HCT116  cells  in 
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Figure  5  WWPl  knockdown  by  siRNAs  upregulates  the  endogenous  TAp63a  levels  and  induces  apoptosis  in  a  p53-independent  manner  in  HCT116  cells,  (a)  The 
knockdown  of  WWPl  by  two  different  siRNAs  increases  the  levels  of  the  endogenous  TAp63a  protein  and  the  cleaved  PARP  protein  in  the  HCT1 16  and  HCT1 16  (p53— /— ) 
colon  cancer  cell  lines.  siRNAs  were  transfected  at  1 00  nM  for  48  h.  (b)  The  knockdown  of  WWPl  by  two  different  siRNAs  decreases  cell  viability  in  the  HCT 1 1 6  and  HCT 1 1 6 
(p53— /— )  colon  cancer  cell  lines.  The  cell  viability  was  analyzed  by  the  SRB  assay  after  transfection  with  WWPl  siRNA  for  72  h.  *P<  0.05;  **P<0.01  (f-test).  (c)  WWPl 
knockdown  by  WWPl  siRNA#2  significantly  induces  apoptosis  in  HCT  1 1 6,  as  determined  by  Annexin  V  staining.  *P<  0.05  (f-test).  (d)  The  knockdown  of  WWPl  in  HCT  1 1 6 
cells  decreases  the  IC50  for  doxorubicin  and  cisplatin.  The  cell  viability  was  analyzed  by  the  SRB  assay  after  transfection  with  WWPl  siRNA  for  72  h  in  total  and  treatment  with 
drugs  for  48  h.  The  data  was  collected  from  triplicate  samples.  The  experiments  were  performed  at  least  two  times  and  similar  results  were  obtained 
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terms  of  the  induction  of  TAp63a,  cleaved  PARP  and 
apoptosis  by  WWP1  siRNA.  We  noticed  that  WWP1  siRNA 
may  decrease  cell  viability  slightly  more  effective  in  p53  WT 
HCT1 16  cells  than  in  p53-null  cells.  However,  the  p53  levels 
are  not  significantly  changed  by  WWP1  knockdown 
(Figure  5a).  Furthermore,  we  measured  apoptosis  by 
Annexin  V  staining  and  found  that  WWP1  siRNA 
significantly  increases  Annexin  V  positive  HCT116  cells 
(Figure  5c).  These  findings  indicate  that  WWP1  siRNAs 
induce  TAp63a  and  apoptosis  in  a  p53-independent  manner. 

To  study  the  biological  relevance  of  WWP1 -mediated 
degradation  of  TAp63oc,  we  transfected  WT  TAp63a  and  the 
stable  PY  motif-mutated  TAp63aY543F  into  HCT116 
(p53-/-)  cells  and  examined  the  proliferation/apoptosis 
index  by  SRB  assays.  We  found  that  overexpression  of 
TAp63a  enhances  cleaved  caspase  3  and  reduces  cell 
viability  when  compared  with  the  empty  vector  control 
(Supplementary  Figure  S2).  Consistent  with  the  protein 
stability,  the  level  of  TAp63aY543F  is  higher  than  that  of  WT 
TAp63a.  Compared  with  WT  TAp63,  TAp63aY543F  induces 
more  caspase  3  cleavages  and  cell  viability  loss. 

As  WWP1  siRNA  induces  apoptosis  in  both  HCT116  WT 
and  p53-null  cells,  we  further  tested  whether  inhibition  of 
WWP1  sensitizes  cells  to  chemotherapeutic  drugs.  The 
HCT116  cells  were  transfected  with  Ctrl-siRNA  or  WWP1 
siRNA  for  1  day  and  treated  with  different  concentration  of 
doxorubicin  or  cisplatin  for  2  days.  As  shown  in  Figure  5c, 
WWP1  siRNA  and  both  chemotherapeutic  drugs  additively 
decrease  the  cell  viability.  After  combination  with  WWP1 


siRNA,  the  half  maximal  inhibitory  concentration  (IC50)  for 
doxorubicin  is  decreased  from  0.475  to  0.25  fx M  and  the  IC50 
for  cisplatin  is  decreased  from  75  to  32.5  ^M.  Similar  results 
were  obtained  in  HCT1 16  p53-null  cells  (data  not  shown). 

DNA  damage  chemotherapeutic  drugs  induces  WWP1 
expression  in  a  p53-dependent  manner.  We  noticed  that 
the  WWP1  protein  is  induced  by  doxorubicin  in  a  dosage- 
dependent  manner  in  MCF10A  (Figure  4d).  We  wondered 
whether  WWP1  is  also  induced  by  doxorubicin  in  HCT116 
cells.  To  test  this,  the  WT  and  p53-null  HCT116  cells  were 
treated  with  1  doxorubicin  at  different  times.  As  a  result, 
doxorubicin  induces  both  p53  and  WWP1  in  WT  HCT116 
cells  in  a  time-dependent  manner  (Figure  6a).  The  induction 
peak  for  WWP1  is  48  h.  Surprisingly,  doxorubicin  does  not 
induce  WWP1  in  p53-null  HCT116  cells.  These  results  were 
conformed  at  mRNA  levels  by  qRT-PCR  (Figure  6b).  These 
results  indicate  that  doxorubicin  may  induce  WWP1 
transcription  in  a  p53-dependent  manner. 

To  further  test  whether  other  DNA  damage  chemother¬ 
apeutic  drugs  also  induce  WWP1  in  a  p53-dependent  manner, 
we  treated  the  WT  and  p53-null  HCT116  cells  with  different 
dosage  of  doxorubicin,  cisplatin  and  etoposide.  As  shown  in 
Figure  6c  and  d,  both  doxorubicin  and  cisplatin  induce  WWP1 
in  WT  but  not  p53-null  HCT116  cells  in  a  dose-dependent 
manner.  Similar  results  were  observed  with  etoposide 
treatment  (data  not  shown).  These  findings  suggest  that 
DNA  damage  chemotherapeutic  drugs  can  induce  the  WWP1 
expression  in  a  p53-dependent  manner.  To  further  confirm 
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Figure  6  DNA  damage  drugs  induce  the  WWP1  mRNA  and  protein  in  a  p53-dependent  manner,  (a)  The  WWP1  protein  is  induced  by  doxorubicin  (Dox,  1  /*M)  in  a 
time-dependent  manner  in  WT  but  not  p53-null  HCT116  cells.  The  WWP1,  p53  and  /?-actin  proteins  were  detected  by  western  blot,  (b)  The  WWP1  mRNA  is  induced  by 
doxorubicin  (Dox,  1  /iM)  in  a  time-dependent  manner  in  WT  but  not  p53-null  HCT116  cells.  The  WWP1  and  GAPDH  mRNA  were  detected  with  qRT-PCR.3  (c)  The  WWP1 
protein  is  induced  by  doxorubicin  in  a  dose-dependent  manner  in  WT  but  not  p53-null  HCT1 16  cells,  (d)  The  WWP1  protein  is  induced  by  cisplatin  (Cpt)  in  a  dose-dependent 
manner  in  WT  but  not  p53-null  HCT1 16  cells,  (e)  The  WWP1  protein  is  induced  by  doxorubicin  in  a  dose-dependent  manner  in  MCF10A  (WT  p53)  but  not  in  MDA-MB-468 
(mutant  p53)  cells 
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Figure  7  Expression  of  the  WWP1  and  p63  proteins  in  prostate  and  breast  cell  lines.  Western  blots  were  performed  in  a  panel  of  prostate  (a)  and  breast  (b)  cell  lines  to 
determine  the  protein  expression  levels  of  WWP1  and  p63.  The  controls  are  immortalized  cell  lines.  The  molecular  weight  markers  are  labeled  at  the  right.  Tubulin  was  used  as 
a  loading  control.  The  protein  expression  level  of  WWP1  is  negatively  correlated  with  the  protein  expression  level  of  p63a,  especially  ANp63a  (*)  in  these  samples 


these  results  in  other  cell  lines  other  than  HCT 1 1 6,  we  treated 
MCF10A  (WT  p53)28  and  MDA-MB-468  (mutant  p53)29  with 
different  concentration  of  doxorubicin  for  48  h  and  found  that 
WWP1  is  only  induced  in  MCF10A  but  not  in  MDA-MB-468 
although  p53  is  accumulated  in  both  cell  lines  (Figure  6e). 

The  protein  expression  of  WWP1  and  p63  is  reversely 
correlated  in  prostate  and  breast  cancer  cell  lines.  The 

p63  protein  has  been  documented  to  be  specifically 
expressed  in  normal  basal  epithelial  cells  but  lost  in  cancer 
cells  from  the  prostate  and  breast.30,31  In  sharp  contrast, 
WWP1  is  frequently  overexpressed  in  prostate  and  breast 
cancer  cells.  As  WWP1  targets  p63  for  degradation,  we 
asked  whether  the  protein  expression  of  WWP1  is  negatively 
correlated  with  the  protein  expression  of  p63  in  prostate  and 
breast  cancers. 

We  examined  the  protein  expression  levels  of  WWP1  and 
p63  in  a  panel  of  prostate  and  breast  cell  lines  by  western  blot 
(Figure  7a-b).  Consistent  with  our  previous  report,2  the 
protein  levels  of  WWP1  are  elevated  in  four  prostate  cancer 
cell  lines  LAPC-4,  DU  145,  PC-3  and  LNCaP/C4-2  compared 
with  two  immortalized  prostate  cell  lines  PZ-HPV7  and 
RWPE1  (Figure  7a).  The  protein  expression  of  p63  (mainly 
ANp63a  isoform)  is  negatively  correlated  with  the  expression 
of  WWP1  in  all  these  cell  lines.  The  only  exception  is  22Rv1 ,  in 
which  the  expression  of  WWP1  is  not  increased  but  p63  is  still 
undetectable.  Similar  results  are  obtained  in  10  breast  cancer 
cell  lines  and  four  immortalized  breast  cell  lines  (Figure  7b). 
The  only  exception  is  HCC1937,  in  which  the  expression  of 
WWP1  is  increased  but  the  ANp63  is  still  highly  expressed. 
Therefore,  we  conclude  that  there  is  a  negative  correlation 
between  WWP1  and  p63  in  a  majority  of  prostate  and  breast 
cancer  cell  lines. 

Discussion 

In  this  study,  we  provide  several  lines  of  evidence  to  support 
that  WWP1  targets  the  p63  protein  for  ubiquitin-mediated 
proteasomal  degradation.  First,  WWP1  binds  to  p63a  proteins 
through  the  WW/PY  motif  interaction.  Second,  WWP1 
ubiquitinates  p63oc  through  its  E3  ligase  activity.  Third, 


WWP1  promotes  p63oc  for  proteasomal  degradation. 
In  addition,  the  WWP1  siRNA  upregulates  the  endogenous 
ANp63oc  and  TAp63oc  protein  levels.  Finally,  there  is  a  negative 
correlation  between  the  WWP1  and  p63  proteins  in  prostate 
and  breast  cells. 

It  is  well  documented  that  p63  proteins  have  important 
functions  in  epithelial  development  and  tumorigenesis 
through  regulating  epithelial  progenitor  cell  proliferation, 
differentiation  and  apoptosis.17,18  p63  proteins  are  expressed 
in  the  basal  cells  of  normal  prostate  glands  but  not  in  prostatic 
carcinomas.30  Similarly,  the  expression  of  p63  proteins  is  in 
the  nuclei  of  myoepithelial  cells  of  normal  breast  ducts  and 
lobules  but  not  in  invasive  breast  cancer  except  metaplastic 
carcinomas.32  Several  mechanisms  including  transcription 
regulation20  and  post-translational  modification  contribute  to 
the  loss  of  p63  protein  expression  in  prostate  and  breast 
cancers.  Increasing  evidence  suggests  that  protein  ubiquiti- 
nation  and  degradation  have  an  important  function  for  the  p63 
activity.23-25,33  Two  other  WWP1  family  members,  Itch  and 
Nedd4,  have  been  previously  reported  to  target  p63  proteins 
for  proteasomal  degradation  24,25  However,  the  expression 
levels  of  Itch  in  breast  cancer  are  not  altered34  although  the 
expression  of  Nedd4  has  been  found  to  be  overexpressed  in 
invasive  bladder  cancer  cells.4  WWP1  is  amplified  and 
overexpressed  in  more  than  30%  of  prostate  and  breast 
cancers,  suggesting  that  WWP1  among  these  E3  ligases  may 
have  a  major  function  for  the  p63  protein  degradation  in 
prostate  and  breast  cancers,  although  we  cannot  completely 
exclude  the  roles  of  Itch  and  Nedd4.  Under  the  physiological 
conditions,  how  WWP1,  Itch  and  Nedd4  are  coordinately 
activated  and  specially  recruit  p63  need  further  investigation. 

Importantly,  different  p63  isoforms  have  different  biological 
functions.  There  are  at  least  six  isoforms  of  p63,  a,  ft  and  y 
(each  including  TAp63  and  ANp63).  Numerous  studies 
suggest  that  TAp63  isoforms  induce  apoptosis  but  ANp63 
isoforms  inhibit  apoptosis.  However,  the  functions  of  ANp63 
from  different  reports  are  not  consistent  and  sometimes  even 
contradictory.  ANp63  is  essential  for  cancer  cell  survival 
through  inhibiting  TAp73  in  squamous  cell  carcinoma  (SCC)35 
and  a  subset  of  breast  cancer  with  p53  mutation  20  ANp63  has 
been  reported  to  be  overexpressed  in  primary  SCCs  of  the 
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head  and  neck.36  Thus,  it  would  be  interesting  to  examine 
whether  WWP1  is  frequently  downregulated  in  SCCs. 
However,  ANp63oc  is  proposed  to  act  as  a  metastasis 
suppressor  by  maintaining  the  epithelial  phenotype  of  cancer 
cells.37  Loss  of  ANp63  has  been  reported  to  decrease 
epithelial  cell  adhesion  and  promote  cell  migration.19  Further¬ 
more,  ANp63  has  even  been  demonstrated  to  possess  a 
growth  suppression  function.38  p63  is  frequently  lost  in  most 
invasive  adenocarcinomas  including  prostate  cancer,30 
breast  cancer,31  bladder  cancer39  and  lung  cancer.40 
Therefore,  the  function  of  p63  may  be  context-dependent  in 
different  cancers. 

It  is  well  established  that  the  functions  of  p63  depend  on  the 
expression  pattern  of  p53  family  members.  In  breast 
carcinomas,  ANp63  isoforms  are  co-expressed  with  TAp73 
exclusively  within  a  subset  of  triple-negative  (ER/EGFR/ 
HER2  negative)  primary  breast  cancers  that  commonly 
exhibit  mutational  inactivation  of  p53.20  We  demonstrated 
that  WWP1  regulates  both  ANp63a  and  TAp63a  isoforms  in 
this  study.  WWP1  may  target  the  ft  isoforms  but  not  the 
y  isoforms  because  both  a  and  /?,  but  not  7,  have  a  PY  motif. 
However,  WWP1  has  been  reported  to  suppress  the  function 
of  p53  through  nuclear  export  although  p53  does  not  have  a 
PY  motif.13  We  found  that  WWP1  does  not  affect  p53  stability 
in  HCT116  and  that  WWP1  promotes  p63  degradation 
independent  of  the  p53  status  (Figure  5a).  In  addition,  Itch 
has  been  reported  to  target  p73  for  ubiquitin-mediated 
degradation  because  p73  contains  PY  motifs.41  Similarly, 
we  found  that  WWP1  can  also  ubiquitinate  p73  and  decrease 
the  stable  level  of  p73  (unpublished  observation).  Thus,  the 
functional  output  of  WWP1  may  rely  on  the  expression  pattern 
of  p53  family  members. 

The  expression  pattern  of  p63  isoforms  and  p53  family 
members  are  different  and  complicated  in  different  cancer 
cells.  We  found  that  WWP1  targets  both  ANp63a  and  TAp63a 
for  degradation,  implicating  that  WWP1  has  a  context- 
dependent  role  in  terms  of  apoptosis  and  tumor  development. 
Indeed,  WWP1  sensitizes  the  MCF10A  immortalized  breast 
epithelial  cells  to  doxorubicin-induced  apoptosis  but  increases 
the  HCT116  colon  cancer  cell  survival  and  drug  resistance. 
WWP1  is  frequently  amplified  and  overexpressed  in  prostate 
and  breast  cancers,  suggesting  that  WWP1  overexpression 
may  increase  cell  survival.  In  agreement  with  this  idea,  WWP1 
knockdown  in  MCF7  and  HCC1500  breast  cancer  cell  lines 
causes  apoptosis.3  We  do  not  know  whether  the  WWP1 
ablation-induced  apoptosis  in  these  cells  is  actually  through 
the  increase  of  TAp63  because  we  did  not  detect  the  increase 
of  TAp63  by  western  blot  (data  not  shown).  However,  we 
cannot  exclude  that  TAp63  has  a  function  because  TAp63 
isoforms  can  be  transcriptionally  active  at  the  levels  below  the 
limit  of  detection  by  western  blot 42  Similarly,  we  cannot 
exclude  that  WWP1  promotes  HCT116  cell  survival  through 
other  molecules  other  than  TAp63.  The  role  and  mechanistic 
action  of  WWP1  in  cancer  still  need  to  be  elucidated  in  vivo 
using  transgenic  mouse  models. 

WWP1  is  amplified  and  overexpressed  in  over  40%  of 
breast  cancers  and  confers  an  advantage  for  cancer  cell 
survival.  In  contrast,  ANp63  is  frequently  lost  in  breast  cancer 
cells.  Apparently,  the  survival  of  the  breast  cancer  cells  with 
WWP1  overexpression  does  not  depend  on  ANp63a.  Only  a 


small  percentage  of  triple-negative  breast  cancers  depend  on 
ANp63  because  TAp73  is  overexpressed  and  p53  is 
mutated.20  If  WWP1  inhibits  TAp73  in  these  cells,  the  cell 
survival  would  not  require  ANp63  any  longer.  Therefore,  we 
would  predict  that  WWP1  expression  is  very  low  in  triple¬ 
negative  breast  cancer  cells.  Indeed,  WWP1  is  preferably 
overexpressed  in  ER  positive  and  p53  WT  breast  cancers 
(www.Oncomine.org).  The  immunohistochemical  staining 
results  in  invasive  breast  tumors  confirmed  that  the  expres¬ 
sion  of  WWP1  associates  with  positive  ER  status  (Chen  etal., 
manuscript  submitted).  Therefore,  the  expression  of  WWP1 
may  be  invaluable  for  breast  cancer  diagnosis  and  prognosis. 

The  transcriptional  regulation  of  WWP1  is  largely  unknown 
although  we  have  previously  shown  that  WWP1  is  induced  by 
TGF/?  as  a  negative  feedback  mechanism.1  Laine  et  al.,13 
reported  that  UV-irradiation  or  y-irradiation  decreases  WWP1 
mRNA  expression  in  mouse  embryonic  fibroblasts  in  a 
p53-dependent  manner.  However,  we  found  that  several 
DNA  damage  chemotherapeutic  drugs  including  doxorubicin, 
cisplatin  and  etoposide  induces  the  WWP1  expression  in 
HCT116  and  breast  cell  lines  in  a  p53-dependent  manner. 
These  conflicting  results  may  be  caused  by  different 
treatments  in  different  cells.  Whether  WWP1  is  an  Mdm2  like 
p53  direct  target  gene  needs  elucidation  in  future  studies. 

In  summary,  we  demonstrate  that  WWP1  targets  p63 
proteins  for  ubiquitin-mediated  proteasomal  degradation.  We 
show  that  WWP1  plays  opposite  roles  in  terms  of  apoptosis 
and  drug  sensitivity  in  immortalized  cells  and  cancer  cells 
depending  on  the  expression  of  different  p63  isoforms.  Given 
the  frequent  gene  amplification  and  overexpression  of  WWP1 
in  prostate  and  breast  cancers,  these  findings  may  help  us 
understand  the  role  of  WWP1  in  cancer  development  and  may 
provide  rationale  to  develop  WWP1  as  a  diagnosis  marker 
and  molecular  target  for  cancer  therapy. 


Materials  and  Methods 

Cell  culture  and  transfection.  All  breast  and  prostate  cell  lines  have  been 
described  in  our  previous  studies.3,43,44  The  human  embryonic  kidney  293T-derived 
LinX  cell  line  was  cultured  in  DM  EM  containing  5%  fetal  bovine  serum  (FBS)  and  1% 
penicillin  and  streptomycin  (PS).  The  p53  wild  type  (WT)  and  p53-null  HCT 1 1 6  colon 
cancer  cell  lines  were  grown  in  HyQ®McCOY’S  5A  medium  with  5%  FBS  and  1% 
PS.  All  transient  transfection  for  plasmids  and  siRNAs  was  performed  using 
Lipofectamine  2000  (Invitrogen,  Carlsbad,  CA,  USA)  according  to  the 
manufacturer’s  instruction.  All  chemically  synthesized  siRNAs  were  purchased 
from  Dharmacon  (Chicago,  IL,  USA)  and  transfected  at  100  nM  final  concentration. 
The  siRNA  target  sequences  for  human  WWP1  gene  are  5'-GAAGTCA 
TCTGTAACTAAA-3'  (Wsi#1)  and  5'-GCAG AGAAAT ACTGTTT AT -3'  (Wsi#2). 
The  target  sequence  for  ANp63a  is  5'-CAGGTTGGCACTGAATTCACG-3'.  The 
3'-UU  overhang  for  both  strands  and  5'-phophorylation  for  anti-sense  sequence 
were  employed  for  these  siRNAs. 


Expression  plasmids.  The  plasmids  expressing  WT  WWP1,  the  catalytic 
inactive  hWWP1C890A,  and  mWWP1C886S  have  been  described  in  our  previous 
studies 3,12  The  Myc-Ub  construct  pCMV-6XHis-Myc-Ub  is  a  gift  from  Dr.  Raymond 
J.  Deshaies  (California  Institute  of  Technology).  The  pcDNA3-FLAG-TAp63a  and 
pcDNA3-FLAG-ANp63a  constructs  were  obtained  by  subcloning  the  TAp63a  and 
ANp63a  cDNA  into  the  H/nd  III  and  Not  I  sites  of  pcDNA3.  The  PY  motif-mutated 
FLAG-TAp63aY543F  and  FLAG-ANp63aY449F  were  obtained  by  using 
a  QuikChange®  site-directed  mutagenesis  kit  (Stratagene,  La  Jolla,  CA,  USA). 
Constructs  for  GST-WW  domains  were  obtained  by  subcloning  the  DNA  fragments 
encoding  the  WW  domains  of  hWWPI  into  the  BamH  I  and  Not  I  sites  of  the  pEBG 
vector. 
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Immunoprecipitation  and  GST  pull  down.  Immunoprecipitation  using 
an  anti-Myc  antibody  (Ab)  plus  protein  A-agarose  beads  and  GST  pull  down  using 
the  glutathione-Sepharose  4B  slurry  beads  have  been  described  in  a  previous 
study.12  Briefly,  LinX  cells  were  transfected  with  expression  plasmids  in  60-mm 
culture  dishes  for  48  h.  The  cells  from  each  dish  were  collected  into  0.6  ml  of  1  x 
ice-cold  cell  lysis  buffer  (50  mM  Tris-CI,  pH  7.4,  150mM  NaCI,  1  mM  EDTA,  1% 
Triton  X-100, 1%  protease  inhibitor  cocktail  (no.  P8340,  Sigma,  St.  Louis,  MO,  USA) ) 
and  incubated  on  ice  for  30  min.  Then,  cell  lysates  were  centrifuged  at  1 0  000  g  for 
10  min  at  4°C.  The  supernatant  (200  /i I)  and  primary  anti-Myc  antibody  (2  /i\)  were 
incubated  with  gentle  rocking  overnight  at  4°C.  In  all  30  ji\  of  50%  protein  A-agarose 
beads  were  added  and  incubated  for  1-3  h  at  4°C.  The  anti-WWPI  mouse 
monoclonal  Ab  (1A7)  was  used  to  replace  anti-Myc  Ab  to  immunoprecipitate  the 
endogenous  WWP1  proteins  from  MCF10A.  The  mouse  IgG  was  used  as  the 
negative  control.  For  the  GST  pull-down  assay,  the  glutathione-Sepharose  4B  slurry 
beads  were  directly  incubated  with  the  supernatant  overnight  at  4°C.  The  beads 
were  washed  five  times  with  500  /A  of  1  x  cell  lysis  buffer.  Proteins  were 
resuspended  with  20-50  /u\  of  SDS  sample  buffer  and  analyzed  by  western  blot. 

Antibodies  and  western  blot.  The  anti-WWPI  rabbit  polyclonal  antibody 
(Ab)  has  been  described  in  our  previous  report  (3).  The  anti-WWPI  mouse 
monoclonal  Ab  (1A7)  is  from  Novus  Biologicals  Inc.  (Littleton,  CO,  USA).  The 
anti-/?-actin  mouse  monoclonal  Ab  AC-15  (no.  A5441),  the  anti-FLAG  rabbit  polyclonal 
Ab  (no.  F7425),  the  anti-GST  rabbit  polyclonal  Ab  (no.  G7781)  are  from  Sigma.  The  anti- 
p63  mouse  monoclonal  Ab  4A4  (no.  Sc-8431),  anti-Myc  mouse  monoclonal  Ab  9B11 
(no.  2276),  anti-PARP  (no.  9915),  anti-caspase  3  (no.  9915),  and  anti-tubulin  antibodies 
(no.  2148)  are  from  Cell  Signaling  (Danvers,  MA,  USA).  The  anti-p53  mouse 
monoclonal  Ab  (no.  554169)  is  from  BD  Pharmingen  (San  Diego,  CA,  USA). 

Proteins  were  separated  by  SDS-PAGE  and  blotted  onto  PVDF  membranes. 
The  membranes  were  blocked  with  PBST  (PBS  with  0.1%  Tween  20)  buffer 
containing  5%  nonfat  dry  milk  and  incubated  with  primary  antibodies  diluted  in  PBST 
overnight  at  4°C.  After  washing  three  times  in  PBST,  the  membranes  were 
incubated  with  10000  times  diluted  horseradish  peroxidase-conjugated  second 
antibodies  for  1  h  at  room  temperature.  Detection  was  performed  with  the 
Supersignal  West  Pico  enhanced  chemiluminescence  system  (Pierce,  Rockford,  IL, 
USA)  and  a  LAS-3000  Fujifilm  imaging  system. 

Protein  ubiquitination  assay.  LinX  cells  were  transiently  transfected  with 
Myc-Ub  and  other  plasmids  as  necessary  in  6-well  plates.  Two  days  after 
transfection,  the  cells  were  harvested  in  150  p\  SDS  lysis  buffer  (50  mM  Tris-CI,  pH 
6.8,  1.5%  SDS).  The  samples  were  boiled  for  15  min.  100  ji\  of  protein  lysate  was 
diluted  with  1.2  ml  EBC/BSA  buffer  (50  mM  Tris-CI,  pH  6.8,  180mM  NaCI,  0.5% 
CA630,  0.5%  BSA)  and  incubated  with  30  pil  50%  anti-FLAG®  M2-agarose  beads 
(no.  A2220,  Sigma)  overnight  at  4°C  with  rotation.  The  beads  were  collected  by 
centrifugation  at  10  000  g  for  30  s  at  4°C  and  washed  three  times  with  1  ml  ice-cold 
EBC/BSA  buffer.  Proteins  were  resuspended  with  30  ji\  of  SDS  sample  buffer  and 
analyzed  by  western  blot.  Ub-conjugated  p63  was  detected  by  anti-Myc  Ab.  For  the 
endogenous  p63  ubiquitination,  IP  was  performed  by  using  anti-p63  Ab;  and 
ubiquitinated  p63  was  detected  by  anti-Ub  Ab. 

Measurement  of  apoptosis.  The  siRNA-transfected  MCF10A  and  HCT116 
cells  were  exposed  to  different  concentrations  of  doxorubicin  (Sigma)  or  Cisplatin 
(Cpt)  at  different  times.  The  cell  viability  was  measured  by  the  SRB  assay  and  the 
Annexin  V  staining  as  described  in  our  previous  report.1 2 3 4  The  protein  levels  of 
cleaved  PARP  and/or  cleaved  caspase  3  were  used  to  measure  apoptosis. 
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WWP1,  a  HECT  type  E3  ubiquitin  ligase  frequently  amplified  and 
overexpressed  in  breast  cancer,  has  the  potential  to  become  a  use¬ 
ful  clinical  biomarker  and  therapeutic  target  in  breast  cancer. 
Here,  we  performed  immunohistochemical  staining  in  formalin- 
fixed  and  paraffin-embedded  tissue  sections  from  187  cases  of  pri¬ 
mary  invasive  mammary  carcinoma  [137  ductal  carcinomas  (IDC) 
and  50  lobular  carcinomas  (ILC)]  by  using  a  monoclonal  anti- 
WWP1  antibody.  The  normal  breast  epithelium  and  adjacent  be¬ 
nign  epithelium  are  essentially  negative  for  WWP1.  Cytoplasmic 
WWPl  immunoreactivity  was  observed  in  76/187  (40.6%)  tumors 
and  showed  a  positive  correlation  with  ERa  ( p  =  0.05)  and  IGF- 
1R  proteins  ( p  =  0.001)  in  this  cohort.  The  positive  correlations 
between  WWP1  and  ER/IGF-1R  were  also  observed  in  a  panel  of 
12  breast  cancer  cell  lines  by  Western  blot.  Interestingly,  the  ER 
levels  are  decreased  when  WWP1  is  silenced  in  ER  positive  MCF7 
and  T47D  breast  cancer  cell  lines.  Finally,  WWP1  ablation  collec¬ 
tively  inhibits  cell  proliferation  with  tamoxifen  in  MCF7  and 
T47D,  as  measured  by  3H-thymidine  incorporation  assays.  These 
findings  suggest  that  WWP1  may  play  an  important  role  in  ER 
positive  breast  cancer. 

©  2009  UICC 

Key  words:  WWP1;  breast  cancer;  IHC;  ER;  IGF-1R 


The  WW  domain  containing  the  E3  ubiquitin  protein  ligase  1 
(WWP1)  belongs  to  the  C2-WW-HECT  type  E3  ubiquitin  ligase 
family,  which  comprises  9  members  including  NEDD4,  AIP4/ 
Itch,  SMURF  1  and  SMURF2.1’2  Four  family  members  including 
WWPl,3’4  NEDD4,5  SMURF26  and  SMURF17  have  been  shown 
to  be  overexpressed  in  different  tumor  types.2  WWPl  regulates 
multiple  important  proteins  involved  in  tumorigenesis.  Several 
studies  suggest  that  WWPl  negatively  regulates  the  transforming 
growth  factor- (3  (TGF-(3)  signaling  by  targeting  its  molecular 
components,  including  TGF-J3  receptor  1  (T(3R1),8  Smad29  and 
Smad4,10  for  ubiquitin  mediated  degradation.  In  addition,  WWPl 
has  been  reported  to  regulate  the  egression  levels  of  the  epithelial 
Na+  channel  (ENaC),11  Notch,  EGFR/ErbB2,13  Runx2, 14,15 
KLF2,16  KLF5,  7  p5318  and  p63.19 

WWPl  is  a  potential  oncogene  that  undergoes  genomic  amplifi¬ 
cation  and  overexpression  in  human  breast  and  prostate  cancer.3,4 
Functionally,  WWPl  knockdown  significantly  suppresses  cell  pro¬ 
liferation  and/or  induces  apoptosis.3,4  It  has  been  previously 
noticed  that  WWPl  mRNA  is  more  frequently  up-regulated  in 
estrogen  receptor  (ER)  a  positive  breast  cancer  cell  lines.4  This 
concept  is  further  supported  by  8  independent  microarray  studies 
in  which  the  WWPl  mRNA  levels  are  universally  higher  in  ER+ 
compared  with  ER-breast  tumors  (Oncomine.org).  ER  has  long 
been  recognized  to  play  an  important  role  in  breast  cancer  initia¬ 
tion;  and  a  majority  of  human  breast  tumors  are  ER  positive 
tumors  that  can  be  treated  with  hormonal-based  therapeutics  such 
as  tamoxifen,  fulvestrant  and  aromatase  inhibitors.20  Thus,  WWPl 
has  the  potential  to  become  a  useful  clinical  biomarker  and  a 
potential  stand-alone  prognostic  factor.21 

The  insulin-like  growth  factor  1  receptor  (IGF-1R)  is  a  tyrosine 
kinase  growth  factor  receptor  that  has  been  linked  to  prognosis  in 
a  variety  of  malignancies.  IGF-1R  is  a  tetramer  composed  of  2 
extracellular  a  subunits  (130  KDa)  and  2  transmembrane  (3  subu¬ 
nits  (90  KDa).  Activation  of  IGF-1R  by  autocrine,  paracrine  and 
endocrine  stimulation  via  exposure  to  its  activating  ligand,  the 


IGF-1,  leads  to  cell  proliferation  and  survival.22  As  expected, 
MMTV-IGF-1R  Tg  mice  develop  mammary  tumors  with  a  short 
latency.23,24  In  addition,  the  protein  expression  of  IGF-1R  has 
been  reported  to  be  upregulated  in  breast  cancer.25  Interestingly, 
the  expression  of  IGF-1R  is  correlated  with  ER  in  primary  breast 
cancer26  and  is  downregulated  in  advanced  breast  cancer.27  The 
high  expression  of  IGF-IR  mRNA  in  breast  cancer  tissues  has 
been  associated  with  a  more  favorable  overall  and  disease-free 
survival.28  However,  the  overexpression  of  IGF-IR  in  breast 
tumors  and  the  correlation  between  the  IGF-IR  overexpression 
and  prognosis  or  other  clinicopathologic  parameters  cannot  be 
confirmed  in  other  studies.29,30  It  is  worth  pointing  out  that  the 
ligand  induced  IGF-IR  degradation  may  be  regulated  by  Nedd4,  a 
WWPl  family  member.31 

The  aim  of  this  study  is  to  test  whether  the  WWPl  protein 
expression  in  breast  tumors  is  a  good  prognosis  marker  and 
WWPl  is  a  potential  therapeutic  target  for  breast  cancer.  Here,  we 
found  that  the  WWPl  protein  expression  is  associated  with  ER 
and  IGF-IR  in  human  breast  cancer.  Furthermore,  inhibition  of 
WWPl  in  combination  with  tamoxifen  may  be  used  to  treat  ER 
positive  breast  cancer. 

Material  and  methods 

Specimens  and  clinicopathologic  variables 

One  hundred  eighty-seven  patients  who  underwent  either  a  mas¬ 
tectomy  or  local  excision  for  primary  invasive  mammary  carci¬ 
noma  between  1983  and  1998  at  the  Albany  Medical  Center  Hos¬ 
pital  were  randomly  selected.  This  study  was  approved  by  the 
Albany  Medical  Center  Institutional  Review  Board.  The  clinical 
and  pathological  records,  tissue  blocks  and  hematoxylin  and  eosin 
stained  slides  were  retrieved  for  each  case.  Slides  were  reviewed 
and  blocks  were  identified  based  on  the  presence  of  adequate 
tumors  and  the  representative  nature  of  the  overall  tumor.  The  tu¬ 
mor  type,  age  at  diagnosis,  lymph  node  (LN)  status,  tumor  size,  tu¬ 
mor  grade,  pathologic  stage,  estrogen  and  progesterone  steroid 
hormone  receptor  status,  HER-2/neu  status,  recurrence  and  overall 
survival  were  obtained  by  review  of  the  medical  records.  The 
estrogen/progesterone  receptor  (ER/PR)  measured  by  competitive 
binding  assays  and  immunohistochemistry  (IHC)  was  available 
for  179  (96%)  and  166  (89%)  cases,  respectively.  There  were  180 
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ER,  estrogen  receptor;  HECT,  homologous  to  the  E6-associated  protein 
carboxyl  terminus;  IGF-IR,  insulin  growth  factor  1  receptor;  IHC,  immu¬ 
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containing  E3  ubiquitin  protein  ligase  1 . 

Grant  sponsor:  American  Cancer  Society;  Grant  number:  RSG-08-199- 
01;  Grant  sponsor:  Komen  for  the  Cure;  Grant  number:  BCTR0503705; 
Grant  sponsor:  Department  of  Defense;  Grant  number:  W81XWH-07-1- 
0191. 

Correspondence  to:  The  Center  for  Cell  Biology  and  Cancer 
Research,  Albany  Medical  College,  47  New  Scotland  Ave.,  Albany,  NY, 
12208,  USA.  E-mail:chenc@mail.amc.edu  or  The  Department  of  Pathol¬ 
ogy  and  Laboratory  Medicine,  Albany  Medical  College,  47  New  Scotland 
Ave.,  Albany,  NY,  12208,  USA.  E-mail:  rossj@mail.amc.edu 

Received  26  September  2008;  Accepted  after  revision  30  December 
2008 

DOI  10.1002/ijc. 24266 

Published  online  13  January  2009  in  Wiley  InterScience  (www.interscience. 
wiley.com). 


Jjfrfui.1 1-JfTEi^  ranfn 


Publication  of  the  International  Union  Against  Cancer 


2830 


CHEN  ET  AL. 


(96%)  cases  with  either  HER-2/neu  protein  status  determined  by 
IHC  or  HER-2 /neu  gene  amplification  status  determined  by  fluo¬ 
rescence  in  situ  hybridization  (FISH),  or  by  both.  One  hundred 
thirty-seven  (73%)  tumors  are  invasive  ductal  carcinoma  and  50 
(27%)  are  invasive  lobular  carcinoma.  The  patients  ranged  in  age 
from  26  to  89  years  with  a  mean  age  of  58  years  at  diagnosis. 
Menopausal  status  was  considered  by  defining  premenopausal  age 
as  <  45  years,  perimenopausal  age  as  45  to  55  years  and  post¬ 
menopausal  age  as  >  55  years.  LN  status  was  available  for  179 
(96%)  cases.  Tumor  size  was  available  for  176  (94%)  cases.  One 
hundred  thirty-nine  (74%)  tumors  were  graded  using  the  modified 
Bloom  and  Richardson  method.  All  cases  were  staged  at  the  time 
of  diagnosis  according  to  the  American  Joint  Committee  on  Can¬ 
cer  criteria  using  the  TNM  classification  scheme.  The  overall  sur¬ 
vival  status  was  available  for  185  cases  (99%)  and  recurrence  data 
for  183  (98%)  cases.  The  patients  were  followed  for  a  mean  of  97 
months  (range  1-202  months).  On  multivariate  analysis,  early  age 
at  diagnosis,  large  tumor  size,  advanced  stage,  node  positive  sta¬ 
tus,  HER2  positive  status  and  disease  recurrence  predicted 
reduced  overall  survival. 

Immunohisto  chemistry 

Formalin-fixed,  paraffin-embedded  tissue  sections  from  a  repre¬ 
sentative  block  of  each  of  the  187  cases  of  primary  invasive  mam¬ 
mary  carcinoma  were  immunostained  by  automated  methods 
using  an  indirect  biotin  avidin  diaminobenzidine  (DAB)  detection 
system  (Ventana  Medical  Systems,  Tucson,  AZ).  Briefly,  sections 
were  dewaxed  and  rehydrated.  No  unmasking  of  the  antigenic  de¬ 
terminant  sites  was  required  for  WWP1  staining.  For  IGF-1R, 
antigens  were  retrieved  by  microwave  in  EDTA  buffer  for  22  min 
at  98°C.  Endogenous  peroxidase  activity  was  blocked  using  3% 
hydrogen  peroxide.  The  mouse  anti-human  monoclonal  WWP1 
primary  antibody  (Novus  Biologicals,  Littleton,  CO)  was  used  at  a 
dilution  of  1:100  and  the  mouse  anti-human  IGF-1R  antibody  (sc- 
462;  Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  at  1:10  for  32 
min  at  37°C.  The  secondary  antibody  for  both  primaries  was  bio¬ 
tinylated  goat  anti-mouse  immunoglobulins.  After  incubation  with 
a  streptavidin  enzyme  conjugate,  the  complex  was  then  visualized 
by  development  of  the  color  with  DAB  and  the  slides  were  coun- 
terstained  with  hematoxylin.  WWP1  staining  was  first  optimized 
and  validated  using  formalin-fixed,  paraffin-embedded  sections 
from  MCF10A  and  MCF7  cellblocks.  Similarly,  processed  sec¬ 
tions  from  human  colon  adenocarcinoma  were  used  as  positive 
controls  for  IGF-1R  immunostaining.  To  confirm  the  specificity  of 
both  of  the  primary  antibodies,  negative  control  slides  were 
run  with  every  batch,  using  a  predilute  negative  control  reagent 
(Ventana). 

Staining  interpretation 

Immunoreactivity  for  both  WWP1  and  IGF-1R  was  interpreted 
by  2  pathologists  without  prior  knowledge  of  the  clinicopathologic 
parameters.  The  intensity  of  staining  and  the  distribution  of  cyto¬ 
plasmic  positivity  within  the  tumor  cells  were  considered  in  the 
semi-quantitative  assessment  of  the  immunohistochemical  results 
for  both  antibodies.  The  intensity  of  cytoplasmic  staining  was  sub¬ 
jectively  graded  as  0  =  low/absent;  1  =  moderate;  2  =  strong  and 
distribution  as  0:  <  10%;  1:  10-50%;  2:  >  50%  for  each  protein. 
A  case  was  considered  negative  when  the  total  of  the  2  scores  was 
equal  to  0,  1  or  2.  A  case  was  defined  as  positive  when  the  total 
score  was  equal  to  3  or  4. 

Western  blot 

The  correlations  between  WWP1  and  ER/IGF-1R  were  ana¬ 
lyzed  in  a  panel  of  breast  cancer  cell  lines  by  Western  blot.  Cells 
were  cultured  according  to  the  ATCC  recommended  conditions 
and  harvested  using  lysis  buffer  [50  mM  Tris-Cl,  pH  7.4,  150  mM 
NaCl,  1  mM  EDTA,  1%  Triton  X-100  and  1%  protease  inhibitor 
cocktail  I  (Sigma,  St.  Louis,  MO)].  The  protein  concentration  was 
measured  by  using  the  Dc  protein  assay  kit  (Bio-Rad,  Hercules, 


CA).  The  proteins  were  subjected  to  SDS-PAGE  gels  and  were 
transferred  to  a  PVDF  membrane.  After  blocking  with  5%  milk  in 
PBST  (PBS  buffer  with  0.1%  Tween  20)  for  1  hr  at  room  tempera¬ 
ture,  the  membrane  was  incubated  with  primary  antibodies  diluted 
with  3%  BSA  in  PBST  overnight  at  4°C.  The  anti-ERa  antibody 
(sc-7207)  and  the  anti-IGF-lR(3  antibody  (sc-713)  were  from 
Santa  Cruz  Biotechnology.  The  anti-(3-actin  mouse  monoclonal 
antibody  was  from  Sigma  (A5441).  The  membrane  was  washed 
twice  for  10  min,  each  with  PBST  and  incubated  with  a  secondary 
antibody  diluted  in  3%  milk  for  1  hr  at  room  temperature.  Follow¬ 
ing  that,  the  membrane  was  washed  3  times  and  subjected  to 
chemiluminescent  substrate.  Finally,  images  were  documented  by 
using  the  Fujifilm  Imaging  system  LAS-3000. 

WWP1  knockdown  by  siRNA 

MCF7  and  T47D  cells  were  cultured  in  phenol  red  free  DMEM 
media  with  5%  FBS,  0.01  mg/ml  insulin,  1  mM  sodium  pyruvate, 
0.1  mM  non-essential  amino  acids,  2  mM  L-glutamine,  1.5  g/1  so¬ 
dium  bicarbonate  and  1%  penicillin/streptomycin.  MCF7  and 
T47D  cells  were  transfected  with  100  nM  chemically  synthesized 
Luc  siRNA  and  WWP1  siRNA  (Dharmacon,  IL),  respectively,  by 
using  lipofectamine  2000.  The  target  sequences  for  WWP1  siRNA 
and  the  luciferase  control  siRNA  were  described  in  our  previous 
study.3  Proteins  were  collected  at  48  hr  for  Western  blot.  RNA 
was  collected  for  RT-PCR.  Primers  and  PCR  conditions  for  ER 
have  been  described  in  previous  studies.32 

DNA  synthesis  assays 

For  the  DNA  synthesis  assay,  MCF7  and  T47D  cells  were 
seeded  into  24- well  plates  (^1  X  105/well)  and  transfected  with 
WWP1  and  control  siRNA  for  48  hr  in  media  without  serum  and 
insulin  as  described  above.  The  media  were  replaced  with  media 
containing  20  nM  estradiol  (E2,  Sigma)  for  2  days.  Following 
that,  the  cells  were  labeled  with  3H-thymidine  (0.5  pCi/ml)  for 
4  hr.  Upon  the  completion  of  treatment,  the  cells  were  washed 
with  PBS  once  and  fixed  with  10%  trichloroacetic  acid.  Radio- 
labeled  DNA  was  solubilized  by  100  pi  of  0.3  M  NaOH  and 
transferred  to  glass  fiber  filter  membranes  and  radioactivity  for 
3H  was  measured  using  a  Beckman-Coulter  LS6500  multipur¬ 
pose  scintillation  counter.  For  tamoxifen  (Tam)  treatment, 
MCF7  and  T47D  cells  were  cultured  in  normal  media  with 
20  nM  E2  and  transfected  with  siRNA  for  24  hr.  After  that, 
the  media  were  replaced  with  media  containing  20  nM  E2  and 
0-10  pM  Tam  for  2  days.  The  DNA  synthesis  was  measured  as 
described  above. 

Statistical  analysis 

Statistical  comparisons  were  carried  out  with  the  STATA  soft¬ 
ware  (Stata  Corporation,  College  Station,  TX).  The  %2  test  was 
used  to  determine  the  significance  of  the  associations  between  pro¬ 
tein  expression  and  clinocopathologic  variables.  Survival  analysis 
was  performed  with  univariate  models  and  by  the  Kaplan-Meier 
method.  The  student  t- test  was  performed  to  compare  DNA  syn¬ 
thesis.  Dose-response  curves  in  MCF7  and  T47D  were  compared 
by  2-way  ANOVA  test  (Sigmaplot  1 1.0).  The  level  of  significance 
was  set  at  p  =  0.05  or  lower. 

Results 

Evaluation  of  the  anti-WWPl  antibody  for  IHC 

A  mouse  anti-WWPl  monoclonal  antibody  1A7  (Novus  Biolog¬ 
icals)  was  generated  by  using  partial  WWP1  recombinant  protein 
(152-261  residues).  This  antibody  was  evaluated  and  then  recom¬ 
mended  for  both  Western  blot  and  IHC  by  the  manufacturer 
(http://www.novusbio.com). 

We  first  evaluated  the  antibody  1A7  for  Western  blot  by  using 
our  previous  rabbit  anti-human  polyclonal  anti-WWPl  antibody  as 
a  positive  control.3  Both  antibodies  specifically  recognize  the  exog¬ 
enous  WWP1  protein  in  HEK293T  cells  (data  not  shown).  The  en- 
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Figure  1  -  Evaluation  of  the  anti-WWPl  1A7  monoclonal  antibody  for  IHC.  (a)  WWP1  staining  in  MCF10A  cells  (WWP1  is  at  a  low  level). 
(, b )  WWP1  staining  in  MCF7  cells  (WWP1  is  at  a  high  level),  (c)  A  breast  tumor  tissue  stained  by  the  IgG  negative  control.  ( d)  The  same  breast 
tumor  tissue  in  c  stained  by  anti-WWPl  Ab.  All  WWP1  staining  is  in  cytoplasm.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  avail¬ 
able  at  www.interscience.wiley.com.] 


dogenous  WWP1  proteins  in  breast  cancer  cell  lines  can  also  be 
specifically  detected  by  1A7  (Figs.  4  and  5).  These  results  indicate 
that  1 A7  is  a  specific  anti-WWPl  antibody  for  Western  blot. 

After  that,  we  evaluated  1A7  for  IHC  by  using  MCF10A 
(WWPllow)  and  MCF7  (WWPlhigh)  cell  lines  4  Cytoplasmic  stain- 
ing  was  barely  detected  in  MCF10A  cells  (Fig.  la).  The  cytoplas¬ 
mic  signals  were  much  stronger  in  MCF7  (Fig.  lb)  under  the  same 
staining  conditions.  These  results  confirmed  the  previous  Western 
blot  results  using  a  different  anti-WWPl  antibody.4  To  further  test 
if  1 A7  can  be  used  for  formalin-fixed,  paraffin-embedded  tissue  sec¬ 
tions,  we  stained  a  few  invasive  mammary  carcinoma  test  cases 
(WWP1  statuses  are  unknown  in  these  samples)  and  found  that  1A7 
generated  moderate  cytoplasmic  staining  in  epithelial  tumor  cells 
but  very  low  background  staining  in  stromal  cells  in  one  testing 
slide  (Fig.  Id).  The  control  IgG  did  not  show  any  staining  in  the 
same  case  under  the  same  conditions  (Fig.  lc).  These  data  suggest 
that  1A7  could  be  used  for  WWP1  IHC  in  breast  tumor  tissues. 

WWP1  expression  by  immunohistochemistry 

We  stained  187  cases  of  primary  invasive  mammary  carcinoma. 
The  WWP1  protein  is  barely  detected  in  adjacent  benign  mam¬ 
mary  gland  epithelial  cells  (Fig.  2a)  and  normal  breast  epithelial 
cells  (Fig.  3).  In  the  same  case  18,  the  WWP1  protein  is  strongly 
detected  in  invasive  tumor  cells  (Fig.  2b).  Although  WWP1  has 
been  previously  reported  to  localize  to  the  cytoplasmic  membrane, 
cytoplasmic  compartments  and  nucleus  by  immunofluorescence 
staining,17,33,34  we  observed  that  WWP1  predominantly  localizes 
to  the  cytoplasm  by  IHC.  WWP1  is  strongly  overexpressed  in 
some  but  not  all  invasive  breast  carcinomas.  For  example,  Cases 
119  and  160  (Figs.  2c  and  2d)  are  positive  but  Cases  56  and  179 
(Figs.  2e  and  2f)  are  negative.  In  total,  WWP1  is  overexpressed  in 


40.6%  (76/187)  of  the  breast  carcinoma  clinical  samples.  In  all 
positive  cases,  the  WWP1  protein  is  predominantly  localized  to 
the  cytoplasm  of  tumor  cells.  Cytoplasmic  overexpression  corre¬ 
lates  with  ER  status  as  summarized  in  Table  I  (p  =  0.03).  How¬ 
ever,  no  correlations  between  WWP1  and  other  clinicopathologic 
variables  were  identified. 

The  correlation  between  WWP1  and  IGF-1R  in  breast  tumors 

Similar  to  WWP1,  the  IGF-1R  protein  was  barely  detected  in 
normal  breast  epithelial  cells  (Fig.  3).  Strong  cytoplasmic  expres¬ 
sion  of  IGF-1R  was  observed  in  110/183  (60.1%)  breast  tumors 
and  correlated  with  the  tumor  subtype  (64.4%  IDC  vs.  47.9%  ILC, 
p  =  0.045).  Within  the  IDC  subgroup,  there  is  a  trend  that  the 
expression  of  IGF-1R  is  correlated  with  ER  (p  =  0.09,  not  signifi¬ 
cant).  There  is  a  significant  co-expression  of  both  WWP1  and 
IGF-1R  proteins  (p  =  0.001,  Table  II)  in  this  cohort. 

Consistent  to  the  correlation  among  WWP1,  ER  and  IGF-1R, 
triple  positive  and  triple  negative  cases  were  identified  easily.  For 
example,  Case  42  showed  positive  staining  for  cytoplasmic 
WWP1,  cytoplasmic  IGF-1R  and  nuclear  ER  (Fig.  3,  the  middle 
panel).  In  contrast,  Case  9  showed  negative  for  all  3  molecules. 
No  correlation  between  WWP1  and  HER2  was  detected  in  this 
cohort. 

The  correlation  ofWWPl  with  ER  and  IGF -1R  in  breast 
cancer  cell  lines 

To  further  confirm  the  expression  correlation  among  WWP1, 
ER  and  IGF-1R  in  breast  tumors,  we  examined  their  expression  in 
12  breast  cell  lines  by  Western  blot.  Consistent  with  our  previous 
report,  the  WWP1  protein  was  detected  in  normal  human  mam¬ 
mary  epithelial  cells  (HMEC)  and  2  immortalized  mammary  epi- 
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Figure  2  -  Representative  IHC  results  for  WWP1  in  breast  carcinoma.  (« a )  No  WWP1  staining  in  benign  breast  epithelial  cells  in  case  18  (69 
year,  T2N1M0,  Grade  II,  ER+,  PR+,  HER2+,  IGF-1R— ).  ( b )  Strong  WWP1  staining  in  invasive  breast  tumor  cells  in  Case  18.  Pictures  with 
different  magnification  (size  bars  are  included)  are  shown  for  a,b.  ( c,d)  Two  breast  tumors  [Case  119  (50  year,  T2N0M0,  Grade  III,  ER+,  PR+, 
HER2-,  IGF-1R+)  and  160  (65  year,  T2N0M0,  Grade  III,  ER+,  PR-,  HER2-,  IGF-1R+)]  show  positive  WWP1  staining.  All  WWP1  stain¬ 
ing  is  in  cytoplasm,  (ej)  Two  breast  tumors  [Case  56  (66  year,  T2N1M0,  grade  I,  ER— ,  PR—,  HER2— ,  IGF-1R— )  and  179  (44  year,  T2N1M0, 
Grade  II,  ER+,  PR+,  HER2+,  IGF-1R— )]  show  negative  WWP1  staining. 
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Figure  3  -  Expression  of  WWP1,  ER  and  IGF-1R  in  normal  breast  tissues  and  breast  tumors.  A  normal  (N)  breast  (49  year)  shows  negative 
WWP1,  positive  ER  and  very  weak  IGF-1R  staining  (Upper).  Case  42  (68  year,  T2N1M0,  Grade  III,  PR+,  HER2-)  shows  positive  staining  for 
WWP1,  ER  and  IGF-1R  (Middle).  WWP1  and  IGF-1R  are  in  cytoplasm.  ER  is  in  nucleus.  Case  9  (67  year,  T1N1M0,  Grade  II,  PR+,  HER2-) 
shows  negative  staining  for  WWP1,  ER  and  IGF-1R  (lower). 


TABLE  I  -  CORRELATION  BETWEEN  WWP1  AND  ER 


ER  negative 

ER  positive 

Total 

WWP1  negative 

47 

57 

104 

WWP1  positive 

22 

53 

75 

Total 

69 

110 

179 

X2  test ,p  =  0.031. 


thelial  cell  lines  (MCF10A  and  184B5)  (Fig.  4).  The  ER  levels  are 
also  low  in  these  non-transformed  cells.  WWP1  is  overexpressed 
in  4  ER  positive  breast  cancer  cell  lines  (MCF7,  HCC1500, 
BT474  and  MDA-MB-134)  but  not  in  4  ER  negative  breast  cancer 
cell  lines  (MDA-MB-231,  BT20,  MDA-MB-157,  Hs578T).  In 
T47D,  both  WWP1  and  ER  are  in  the  middle  levels.  Interestingly, 
the  expression  pattern  of  IGF-1R  fits  very  well  with  WWP1  and 
ER  in  these  12  breast  cell  lines  (Fig.  4).  Thus,  the  positive  correla¬ 
tions  between  WWP1  and  ER/IGF-1R  were  also  observed  in 
breast  cell  lines. 

WWP1  maintains  high  ER  levels 

On  the  basis  of  the  correlation  between  WWP1  and  ER,  we 
wondered  if  WWP1  is  an  estrogen  responsive  gene  in  breast  can¬ 
cer,  or  vice  versa.  To  test  this,  we  treated  ER  positive  MCF7  cells 
with  20  nM  E2  for  different  times  but  found  no  increase  of  the 
WWP1  protein  level  (data  not  shown).  Then,  we  knocked  down 
endogenous  WWP1  by  siRNA  in  MCF7  and  T47D  and  found  that 
the  ER  protein  and  mRNA  levels  are  down-regulated  (Figs.  5 a 
and  5b).  However,  we  found  that  the  IGF-1R  protein  level  is  not 


TABLE  II  -  CORRELATION  BETWEEN  WWP1  AND  IGF-1R 


IGF-1R  negative 

IGF-1R  positive 

Total 

WWP1  negative 

52 

52 

104 

WWP1  positive 

20 

56 

76 

Total 

72 

108 

180 

%2  test ,p  =  0.001. 


significantly  affected  by  WWP1  knockdown  (data  not  shown). 
Another  WWP1  siRNA  also  generates  similar  results  (data  not 
shown). 


WWP1  inhibition  and  tamoxifen  collectively  inhibits  MCF7  and 
T47D  cell  proliferation 

WWP1  is  co-expressed  with  ER  in  breast  cancer.  Additionally, 
suppression  of  WWP1  down-regulates  ER.  Because  ER  is  impor¬ 
tant  for  estrogen- stimulated  breast  cell  growth  and  anti-estrogen 
treatment,  we  first  wondered  whether  WWP1  inhibition  decreases 
estrogen- stimulated  cell  proliferation.  To  this  end,  we  knocked 
down  WWP1  in  MCF7  and  T47D  and  treated  cells  with  20  nM 
E2.  As  measured  by  DNA  synthesis  (Fig.  5c),  WWP1  knockdown 
significantly  reduces  cell  proliferation  in  the  absence  and  presence 
of  E2  in  both  cell  lines.  The  reduction  is  more  dramatic  in  MCF7 
than  in  T47D.  However,  we  noticed  that  E2  still  efficiently  indu¬ 
ces  cell  proliferation  when  WWP1  is  knocked  down  by  siRNA. 
These  results  imply  that  the  rest  of  the  ER  proteins  are  sufficient 
to  respond  to  estrogen  in  these  2  cell  lines. 
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Following  this,  we  decided  to  determine  whether  WWP1 
knockdown  will  affect  the  effect  of  the  anti-estrogen  drug  tamoxi¬ 
fen.  As  shown  in  Figure  5 d,  WWP1  knockdown  and  tamoxifen  (in 
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Figure  4  -  The  expression  of  WWP1,  ER  and  IGF-1R  proteins  in  a 
panel  of  breast  cell  lines.  The  protein  levels  were  measured  in  12 
breast  cell  lines  by  Western  blot.  The  WWP1  protein  levels  are  higher 
in  ER  and  IGF-1R  positive  breast  cancer  cell  lines.  The  anti-IGF-IRp 
antibody  detected  both  precursor  (200  KDa)  and  IGF-IRp  (96  KDa) 
bands.  The  variation  of  the  IGF-1R  protein  size  in  different  breast  cell 
lines  may  be  caused  by  different  post-translational  modification.  (3- 
actin  was  used  for  a  loading  control. 


a  dosage  dependent  manner)  significantly  inhibits  E2-mediated 
DNA  synthesis  in  MCF7  and  T47D  (p  <  0.01,  2  way  ANOVA 
test).  WWP1  knockdown  and  tamoxifen  (1-lOpM)  collectively 
suppresses  cell  proliferation  in  both  T47D  and  MCF7.  These 
results  suggest  that  WWP1  inhibition  may  be  combined  with  anti¬ 
estrogen  therapy  in  the  future. 


Discussion 

In  our  previous  report,  WWP1  is  frequently  amplified  and  over¬ 
expressed  in  breast  cancer  and  appears  to  associate  with  positive 
ER  status.4  To  further  test  whether  WWP1  has  the  potential  to 
become  a  useful  clinical  biomarker,  we  examined  the  WWP1  pro¬ 
tein  expression  in  187  cases  of  primary  invasive  breast  tumors  by 
IHC.  Although  WWP1  is  not  associated  with  breast  tumor  stage, 
metastasis  and  survival,  we  confirmed  that  WWP1  is  overex¬ 
pressed  in  40.6%  of  breast  carcinoma  and  associated  with  ER. 
Interestingly,  WWP1  is  also  associated  with  IGF-1R,  but  not  with 
HER2  in  this  cohort. 

While  this  study  was  ongoing,  Nguyen  Huu  et  al.  reported  that 
WWP1  could  be  used  as  a  prognostic  indicator  for  breast  cancer 
by  using  a  different  anti-WWPl  antibody.21  In  their  cohort  (354 
primary  breast  tumors  in  a  tissue  microarray  format),  low/absent 
WWP1  protein  expression  is  linked  to  a  worse  prognosis  although 
no  significant  (p  =  0.14)  association  between  WWP1  and  ER  was 
observed.  It  is  documented  that  positive  ER20  and  IGF-1R25,27 
are  associated  with  non-invasive  breast  cancer  in  some  studies, 
although  we  did  not  observed  this  in  our  cohort.  Our  results  that 
WWP1  is  lowly  expressed  in  ER/IGF-1R  negative  breast 
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Figure  5  -  WWP1  knockdown  decreases  the  ER  expression  and  suppresses  cell  proliferation  alone  or  in  combination  with  tamoxifen,  (a) 
WWP1  knockdown  decreases  the  ER  protein  levels  in  MCF7  and  T47D.  WWP1  is  knocked  down  by  an  anti-WWPl  siRNA  (Wsi).  The  anti-lucif- 
erase  siRNA  (Lucsi)  was  used  as  a  negative  control.  All  siRNA  was  transfected  for  48  hr  by  using  lipofectamine  2000  at  100  nM  final  concentra¬ 
tion.  ( b )  WWP1  knockdown  decreases  the  ER  mRNA  levels  in  MCF7  and  T47D,  as  determined  by  RT-PCR.  (c)  WWP1  siRNA  significantly  [p  < 
0.05  (Mest)]  decreases  basal  cell  proliferation  in  MCF7  and  T47D.  The  cells  were  starved  in  serum/insulin/estrogen-free  media  for  2  days  before 
adding  E2.  E2  significantly  [**p  <  0.01;  *p  <  0.05  (r-test)]  promotes  DNA  synthesis  in  the  absence  and  presence  of  WWP1  siRNA,  n  =  3.  (d) 
WWP1  knockdown  and  tamoxifen  collectively  inhibit  MCF7  and  T47D  cell  growth.  The  cells  were  cultured  in  normal  media  and  transfected  with 
100  nM  siRNA  for  1  day.  Tamoxifen  (1-10  pM)  and  E2  (20  nM)  were  added  together  to  the  siRNA  transfected  cells  for  2  days.  DNA  synthesis 
was  measured  for  cell  proliferation.  WWP1  knockdown  and  tamoxifen  (1-10  pM)  significantly  [**p  <  0.01  (Two  way  ANOVA  test)]  inhibits  cell 
proliferation  in  MCF7  and  T47D,  n  =  3.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  www.interscience.wiley.com.] 
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tumors  and  breast  cancer  cell  lines  (Figs.  3  and  4)  are  not 
against  their  conclusion  that  negative  WWP1  is  associated  with 
poor  prognosis.  Using  the  monoclonal  antibody,  we  did  not 
observe  any  WWP1  nuclear  staining  that  was  reported  by 
Nguyen  Huu  et  al.,21  who  used  a  rabbit  polyclonal  antibody  for 
IHC.  The  different  results  may  also  be  caused  by  different 
patients,  patient  numbers,  tissue  sizes  and  IHC  protocols.  Inde¬ 
pendent  studies  will  be  required  to  further  validate  these  results 
in  the  future. 

WWP1  may  suppress  breast  cancer  cell  migration  and  metasta¬ 
sis  because  negative  WWP1  is  associated  with  negative  ER  (this 
study)  and  worse  prognosis.21  Another  WWP1  family  member, 
Smurf2,  has  recently  been  shown  to  suppress  breast  cell  metastasis 
in  an  E3  ligase  activity  dependent  manner.35  However,  the  mecha¬ 
nism  of  Smurf2  action  and  the  expression  of  Smurf2  in  breast  can¬ 
cer  have  not  been  studied.  WWP1  is  a  strong  inhibitor  for  the 
TGF(3  pathway  that  is  well  known  to  promote  metastasis  in  the 
later  stage  of  tumor  development.  Additionally,  WWP1  has  been 
shown  to  target  several  transcription  factors,  such  as  KLF5,17 
RunX214  and  p63,19  for  ubiquitin-mediated  proteasomal  degrada¬ 
tion.  KLF5  has  been  shown  to  promote  migration.36  RunX2  has 
long  been  associated  with  breast  cancer  metastasis  by  activating 
expression  of  bone  matrix  and  adhesion  proteins,  matrix  metallo- 
proteinases  and  angiogenic  factors.37  Whether  WWP1  truly 
suppresses  breast  cancer  metastasis  through  inhibiting  the  TGFp 
pathway  and  transcription  factors  should  be  addressed  in  future 
studies. 

Consistent  with  the  expression  association  between  WWP1  and 
ER,  we  found  that  WWP1  may  positively  regulate  the  ER  tran¬ 
scription  in  breast  cancer  cells  (Fig.  5).  However,  the  exact  mech¬ 
anism  by  which  WWP1  positively  regulates  the  ER  transcription 
is  unclear  at  this  time.  Since  WWP1  targets  several  transcription 


factors  for  degradation,  it  is  possible  that  WWP1  suppresses  the 
negative  transcriptional  regulator  of  ER. 

Additionally,  WWP1  ablation  significantly  suppresses  basal 
level  cell  proliferation  and  reduces  E2-induced  cell  proliferation 
in  MCF7  and  T47D  (Fig.  5c).  However,  the  resting  level  of  ER  is 
sufficient  for  breast  cancer  cells  to  respond  to  E2.  Nguyen  Huu  et 
al.  reported  that  WWP1  is  significantly  associated  with  the  mitotic 
index  in  clinical  breast  tumors,21  supporting  our  observation  that 
WWP1  maintains  breast  cell  proliferation.  Recently,  we  discov¬ 
ered  that  WWP1  also  upregulates  ErbB2/HER2  in  MCF7.13  It  is 
possible  that  WWP1  maintains  cell  proliferation  not  solely 
through  ER. 

Our  previous  study  also  suggested  that  WWP1  ablation  induces 
cell  growth  arrest  and  apoptosis  in  ER  positive  breast  cancer  cell 
lines  MCF7  and  HCC1500.4  In  this  study,  we  further  tested 
whether  WWP1  knockdown  and  tamoxifen  can  be  combined  to 
collectively  suppress  ER  positive  breast  cancer  cell  proliferation. 
Our  results  suggest  that  WWP1  inhibition  can  reduce  MCF7  and 
T47D  cell  growth  in  combination  with  tamoxifen.  In  line  with  our 
observations,  WWP1  knockdown  has  recently  been  shown  to  sup¬ 
press  anchorage-independent  growth  in  these  2  cell  lines.21  These 
results  further  support  that  WWP1  inhibition  may  be  a  novel 
promising  approach  for  ER  positive  breast  cancer  patients. 

In  summary,  WWP1  is  overexpressed  in  breast  tumor  cells  when 
compared  with  normal  and  adjacent  benign  epithelial  cells  and  is 
associated  with  the  ER/IGF-1R  phenotype  in  both  breast  cancer  cell 
lines  and  breast  carcinoma  clinical  samples.  Using  WWP1  knock¬ 
down  strategies,  targeting  WWP1  decreases  ER  expression  levels 
and  suppresses  cell  growth  alone  or  in  combination  with  tamoxifen 
in  ER  positive  breast  cancer  cell  lines.  Further  development  of 
WWP1  as  a  biomarker  and  therapeutic  target  for  ER  positive  breast 
cancer  management  deserves  further  investigation. 
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WW  domain  containing  E3  ubiquitin  protein  ligase  1  targets  the  full-length 
ErbB4  for  ubiquitin-mediated  degradation  in  breast  cancer 
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ErbB4,  a  member  of  the  epidermal  growth  factor  receptor 
family,  plays  a  role  in  normal  breast  and  breast  cancer 
development  by  regulating  mammary  epithelial  cell 
proliferation,  survival  and  differentiation.  In  this  study, 
we  show  that  WWP1,  a  C2-WW-HECT  type  E3  ubiquitin 
ligase,  hinds,  ubiquitinates  and  destructs  ErbB4-CYTl, 
but  much  less  efficiently  for  CYT2,  isoforms  (both  JMa 
and  JMb).  The  protein-protein  interaction  occurs  pri¬ 
marily  between  the  first  and  third  WW  domains  of  WWP1 
and  the  second  PY  motif  of  ErbB4.  Knockdown  of  WWP1 
by  two  different  small  interfering  RNAs  increases  the 
endogenous  ErbB4  protein  levels  in  both  MCF7  and  T47D 
breast  cancer  cell  lines.  In  addition,  overexpression  of 
the  wild  type,  but  not  the  catalytic  inactive  WWP1, 
dramatically  decreases  the  endogenous  ErbB4  protein 
levels  in  MCF7.  Importantly,  we  found  that  WWP1 
negatively  regulates  the  heregulin-pi-stimulated  ErbB4 
activity  as  measured  by  the  serum  response  element  report 
assay  and  the  BRCA1  mRNA  expression.  After  a 
systematic  screening  of  all  WWP1  family  members  by 
small  interfering  RNA,  we  found  that  AIP4/Itch  and 
HECW1/NEDL1  also  negatively  regulate  the  ErbB4 
protein  expression  in  T47D.  Interestingly,  the  protein 
expression  levels  of  both  WWP1  and  ErbB4  are  higher  in 
estrogen  receptor-oc-positive  than  in  estrogen  receptor-a- 
negative  breast  cancer  cell  lines.  These  data  suggest  that 
WWP1  and  its  family  members  suppress  the  ErbB4 
expression  and  function  in  breast  cancer. 

Oncogene  (2009)  28,  2948-2958;  doi:10.1038/onc.2009.162; 
published  online  29  June  2009 

Keywords:  WWP1;  ErbB4;  PY  motif;  WW  domain; 
ubiquitination;  degradation 


Introduction 

The  WW  domain  containing  E3  ubiquitin  protein 
ligase  1  (WWP1)  belongs  to  the  C2-WW-HECT  type 
E3  family,  which  comprises  of  nine  members  including 
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AIP4/Itch  and  WWP1  (Chen  and  Matesic,  2007).  The 
N-terminal  C2  domain  is  responsible  for  calcium- 
dependent  phospholipid  binding.  The  middle  four  WW 
domains  recognize  substrates  with  PY  (PPXY)  motifs. 
The  C-terminal  HECT  domain  is  the  enzyme  catalytic 
center  for  the  ubiquitin  transfer.  WWP1  is  over¬ 
expressed  in  prostate  cancer  (Chen  et  al .,  2007a)  and 
estrogen  receptor-a  (ER-oc)-positive  breast  cancers  and 
promotes  breast  cell  proliferation  and  survival  (Chen 
et  al .,  2007b,  2009;  Nguyen  Huu  et  al ,  2008).  WWP1  is 
an  intrinsic  E3  ubiquitin  ligase  for  multiple  PY  motifs 
containing  transcription  factors,  including  Smad2  (Seo 
et  al. ,  2004),  RunX2  (Jones  et  al .,  2006),  KLF5  (Chen 
et  al .,  2005)  and  p63  (Li  et  al .,  2008b).  In  addition, 
WWP1  may  indirectly  regulate  several  receptors,  in¬ 
cluding  ER-oc  (Chen  et  al .,  2009),  epidermal  growth 
factor  receptor  (EGFR)  and  ErbB2  (Chen  et  al .,  2008). 

The  EGFR  subfamily  of  receptor  tyrosine  kinases 
consists  of  four  homologous  members:  EGFR,  ErbB2, 
ErbB3  and  ErbB4  (HER4).  Unlike  other  ErbB  family 
members,  ErbB4  may  have  tumor-suppressor  activities 
because  ErbB4  decreases  breast  epithelial  cell  prolifera¬ 
tion  (Pitheld  et  al.,  2006;  Muraoka-Cook  et  al.,  2006a; 
Feng  et  al.,  2007),  and  promotes  differentiation  (Mur¬ 
aoka-Cook  et  al.,  2006b,  2008)  and  apoptosis  (Naresh 
et  al.,  2006;  Vidal  et  al.,  2007).  Consistently,  many  studies 
suggest  that  the  ErbB4  expression  correlates  with  a  good 
prognosis  in  breast  cancer  (Kew  et  al.,  2000;  Witton  et  al., 
2003;  Barnes  et  al.,  2005;  Koutras  et  al.,  2008).  However, 
inconsistent  results  have  also  been  frequently  reported 
(Tang  et  al.,  1999;  Junttila  et  al.,  2005;  Maatta  et  al., 
2006;  Zhu  et  al.,  2006).  Nevertheless,  ErbB4  seems  not  to 
be  a  strong  tumor  suppressor  because  ErbB4  knockout 
does  not  affect  ErbB2-induced  breast  tumorigenesis 
(Jackson-Fisher  et  al.,  2006). 

ErbB4  is  a  180- kDa  glycoprotein  consisting  of  a 
ligand-binding  extracellular  region,  a  hydrophobic 
transmembrane  region,  and  a  cytoplasmic  region 
including  a  tyrosine  kinase  domain  and  a  cytoplasmic 
tail  (Figure  la).  Alternative  splicing  of  the  ErbB4 
transcripts  generates  four  mRNA  variants  that  differ 
in  the  sequence  encoding  the  extracellular  juxtamem- 
brane  region  (JMa  and  JMb)  and  the  cytoplasmic  region 
(CYT-1  and  CYT-2).  The  JMa  isoforms,  unlike  the  JMb 
isoforms,  include  a  cleavage  site  for  the  tumor  necrosis 
factor-a-converting  enzyme  (TACE)  on  ligand  binding. 
ErbB4  first  cleaved  by  TACE  is  a  substrate  for 
y-secretase  that  releases  a  soluble  80-kDa  intracellular 
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Figure  1  The  WWP1  protein  interacts  with  ErbB4  proteins  through  the  WW/PY  motifs  in  mammalian  cells,  (a)  Schematic  diagram  of 
ErbB4  isoforms.  Alternative  splicing  generates  four  ErbB4  isoforms  because  of  a  difference  at  the  juxtamembrane  (JM)  or  cytoplasmic 
(CYT)  domains.  JMa  isoforms,  unlike  JMb  isoforms,  include  a  cleavage  site  for  tumor  necrosis  factor-a-converting  enzyme  (TACE), 
and  can  be  cleaved  by  TACE,  resulting  in  the  shedding  of  the  extracellular  domain  (ECD),  which  is  a  substrate  of  y-secretase  that 
releases  a  soluble  intracellular  domain  (ICD)  from  the  cell  membrane.  CYT-1  isoforms,  unlike  CYT-2  isoforms,  contain  a  16-amino 
acid  sequence  that  includes  a  PI3-K  binding  site  (YTPM)  as  well  as  a  proline-rich  protein  interaction  motif  (PPAY).  (b)  Both  JMb- 
CYTI  and  JMa-CYTl  are  co-immunoprecipitated  with  Myc-WWPlC886S  (Wm),  and  PY3  and  PY1,  3  mutants  also  interact  with 
WWP1.  However,  the  PY2,  3  mutant  of  JMb-CYTI  and  JMa-CYT2  (having  no  second  PY  motif  isoform)  cannot  be  co- 
immunoprecipitated  with  Myc-Wm.  HEK293T  cells  were  co-transfected  with  different  combinations  of  expression  plasmids  for  Myc- 
Wm,  JMb-CYTI  wild  type  (WT),  PY3,  PY1,  3,  PY2,  3,  JMa-CYTl  and  JMa-CYT2.  immunoprecipitation  (IP)  was  carried  out  using 
anti-Myc  antibody  (Ab).  Myc-Wm  was  probed  by  anti-WWPl  Ab.  The  catalytic  inactive  WWP1  mutant  was  used  to  avoid  ErbB4 
degradation  by  WT  WWP1.  P-actin  serves  as  a  loading  control  for  the  input,  (c)  WWP1  binds  to  ErbB4- JMa-CYTl  through  the  first 
and  third  WW  domains,  as  determined  by  glutathione  S-transferase  (GST)  pull-down  assays.  Four  WW  domains  of  WWP1  were 
individually  or  collectively  expressed  as  GST  fusion  proteins  in  the  HEK293T  cells,  (d)  The  endogenous  WWP1  protein  forms  a 
complex  with  the  endogenous  ErbB4  (JMa-CYTl)  protein  in  MCF7.  The  ErbB4  protein  was  probed  with  the  rabbit  anti-ErbB4  Ab. 
The  same  amount  of  rabbit  IgG  nonspecifically  immunoprecipitated  few  WWP1  after  extensive  washing.  However,  anti-ErbB4  Ab 
immunoprecipitated  much  more  WWP1  than  the  IgG  control  under  the  same  conditions. 


domain  that  can  translocate  into  the  nucleus  and 
regulate  gene  transcription.  The  ErbB4-CYTl  isoforms 
contain  a  16-amino  acid  peptide  with  a  PY  motif  that 
can  be  recognized  by  WW  domains  (Omerovic  et  al., 

2004) .  There  are  two  additional  PY  motifs  in  ErbB4- 
CYT1  isoforms  (Figure  la).  Several  WW  domains 
containing  proteins,  including  WWOX  (Aqeilan  et  al., 

2005) ,  YAP  (Komuro  et  al.,  2003;  Omerovic  et  al.,  2004) 
and  AIP4/Itch  (Omerovic  et  al.,  2007),  have  been 
reported  to  bind  to  ErbB4  through  these  PY  motifs. 


As  both  WWP1  and  ErbB4  play  important 
roles  in  breast  cancer,  we  hypothesize  that  WWP1 
regulates  the  ErbB4  activity  through  the  WW/PY 
motif  interaction.  Here,  we  show  that  WWP1  specifi¬ 
cally  interacts  with  and  targets  the  ErbB4-CYTl 
isoforms  for  ubiquitin-mediated  degradation  and 
modulates  the  ligand-dependent  ErbB4  activity. 
These  findings  shed  light  on  the  mechanism  of  WWP1 
action  and  may  help  design  future  breast  cancer  target 
therapy. 
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Results 

WWP1  interacts  with  ErbB4  mainly  through  the  first 
and  third  WW  domains  of  WWP1  and  the  second 
PY  motif  of  ErbB4 

The  ErbB4  protein  has  been  shown  to  interact  with 
several  WW  domains  containing  proteins,  such  as  Itch, 
WWOX  and  YAP,  through  the  WW/PY  motif  interac¬ 
tion  (Aqeilan  et  al .,  2005;  Omerovic  et  al .,  2007).  To  test 
whether  WWP1  also  interacts  with  ErbB4,  we  first 
carried  out  the  co-immunoprecipitation  (IP)  experi¬ 
ments.  A  plasmid  expressing  Myc-WWPlC886S 
(a  catalytic  inactive  mouse  WWP1  mutant)  and  plasmids 
expressing  ErbB4  (different  isoforms)  were  transfected 
into  HEK293T  cells.  Myc-WWPlC886S  was  efficiently 
immunoprecipitated  by  the  anti-Myc  antibody  (Ab) 
(Figure  lb).  We  found  that  both  JMa-CYTl  and  JMb- 
CYT1  isoforms  are  co-immunoprecipitated  with  Myc- 
WWP1C886S.  The  anti-Myc  Ab  itself  cannot  immuno- 
precipitate  the  ErbB4  proteins  without  the  expression  of 
Myc-WWPlC886S,  suggesting  that  the  protein-protein 
interactions  are  specific. 

Then  we  tested  whether  the  protein-protein  interac¬ 
tion  between  WWP1  and  ErbB4  is  through  the  WW/PY 
motifs  and  which  PY  motif  is  involved  in  the  interaction. 
We  mutated  the  PY  motifs  in  ErbB4-JMb  CYT1  (PY1, 
PY1,  3  and  PY2,  3)  by  substituting  tyrosine  (Y)  with 
phenylalanine  (F).  We  found  that  ErbB4-JMb  CYT1- 
PY3  and  -PY1,  3  mutants  still  interact  with  Myc- 
WWP1C886S;  however,  the  ErbB4-JMb  CYT1-PY2, 
3  mutants  almost  completely  loses  the  interaction  with 
Myc-WWPlC886S  (Figure  lb).  A  similar  result  was 
observed  for  the  ErbB4-JMa  isoform.  The  ErbB4-JMa- 
CYT2,  which  does  not  have  the  second  PY  motif, 
almost  never  interacts  with  Myc-WWPlC886S  at  all 
(Figure  lb).  These  results  suggest  that  the  second  PY 
motif  in  ErbB4-CYTl  is  essential  for  WWP1  interaction 
and  the  CYT2  isoforms  do  not  interact  with  WWP1 
efficiently  in  spite  of  the  existence  of  two  other  PY 
motifs. 

Then,  we  asked  which  WW  domain  of  WWP1 
participates  in  the  protein  interaction  with  ErbB4.  We 
fused  each  of  the  four  WW  domains  of  WWP1  to  the  C- 
terminus  of  glutathione  S-transferase  (GST)  and  carried 
out  GST  pull-down  assays  with  ErbB4- JMa-CYTl  in 
HEK293T  cells.  As  shown  in  Figure  lc,  GST  itself  does 
not  pull  down  any  ErbB4.  All  four  GST-WW  proteins 
pull  down  different  amounts  of  ErbB4.  GST-WW1  and 
GST-WW3  pull  down  a  similar  and  large  amount  of 
ErbB4,  whereas  GST-WW2  and  GST-WW4  pull  down 
much  less  ErbB4,  although  the  expression  levels  of  GST- 
WW  and  ErbB4  are  similar  in  the  four  different  groups. 
Consistently,  GST-WW  (1-2),  GST-WW  (3-4)  and 
GST-WW  (1-4)  efficiently  pull  down  ErbB4.  It  seems 
that  more  WW  domains  bind  to  more  ErbB4.  These 
findings  suggest  that  the  first  and  third  WW  domains 
play  major  roles  for  ErbB4  binding  and  the  second  and 
fourth  WW  domains  also  contribute  to  recognizing 
ErbB4.  Taken  together,  the  protein  interaction  between 
WWP1  and  ErbB4  is  primarily  through  the  first  and 
third  WW  domains  of  WWP1 . 


Finally,  we  examined  whether  the  endogenous  WWP1 
protein  interacts  with  the  endogenous  ErbB4  protein. 
The  ErbB4  (JMa-CYTl  (Maatta  et  al.,  2006))  proteins 
were  immunoprecipitated  from  MCF7  by  using  the  anti- 
ErbB4  Ab,  and  the  endogenous  WWP1  protein  was 
detected  in  the  same  complex  (Figure  Id).  This  result 
suggests  that  the  protein-protein  interaction  between 
WWP1  and  ErbB4  occurs  at  the  physiological  level. 

WWP1  ubiquitinates  ErbB4  in  cultured  mammalian  cells 
As  the  WWP1  E3  ligase  interacts  with  both  ErbB4- 
CYT1  isoforms,  we  asked  whether  WWP1  ubiquitinates 
the  ErbB4-CYTl  proteins  in  mammalian  cells.  To  this 
end,  we  transfected  the  expression  constructs  for  wild- 
type  (WT)  human  WWP1,  the  catalytic  inactive 
hWWPlC890A  mutant,  ErbB4,  and  Myc-Ub  into 
HEK293T  cells.  We  carried  out  IP  with  the  anti-ErbB4 
Ab  together  with  protein  A/G  agarose  beads  under  a 
denaturing  condition  to  eliminate  any  ErbB4-associated 
proteins  through  non-co valent  bonds.  The  ubiqui tin- 
conjugated  ErbB4  proteins  were  detected  by  western 
blot  with  anti-Myc  Ab.  As  shown  in  Figure  2a,  WT,  but 
not  the  catalytic  inactive  WWP1,  significantly  increases 
the  ubiquitination  of  ErbB4-CYTl  (both  JMa  and  JMb) 
compared  with  the  vector  control.  The  format  of  ErbB4 
ubiquitination  by  WWP1  is  most  likely  polyubiquitina- 
tion  because  a  smear  of  bands  above  the  unmodified 
ErbB4  was  detected.  These  results  indicate  that  WWP1 
polyubiquitinates  ErbB4-CYTl  isoforms  through  its  E3 
ligase  activity. 

As  WWP1  does  not  interact  with  ErbB4  isoforms 
without  the  second  PY  motif,  we  examined  the 
ubiquitination  of  the  ErbB4-JMb-CYTl-PY3,  -PY1,  3 
and  -PY2,  3  and  -JMa-CYT2  by  WWP1.  Consistent 
with  the  protein  interaction  results,  WWP1  less  effi¬ 
ciently  ubiquitinates  ErbB4-JMb-CYTl-PY3  and  -PY1, 
3  isoforms  but  barely  ubiquitinates  the  ErbB4-JMb- 
CYT1-PY2,  3  and  ErbB4-JMa-CYT2  isoforms  under 
the  same  conditions.  We  conclude  that  the  protein 
interaction  is  essential  for  WWP1  to  ubiquitinate  ErbB4. 

To  investigate  whether  endogenous  WWP1  contri¬ 
butes  to  the  endogenous  ErbB4  ubiquitination,  we 
knocked  down  WWP1  in  T47D  by  an  anti-WWPl  small 
interfering  RNA  (siRNA)  and  examined  the  ubiquitina¬ 
tion  of  ErbB4  (JMa-CYTl  (Maatta  et  al.,  2006)). 
Compared  with  the  Luc  siRNA,  the  anti-WWPl  siRNA 
efficiently  silences  the  WWP1  protein  expression  and 
decreases  the  ubiquitinated  ErbB4  (Figure  2b). 

WWP1  promotes  ErbB4  protein  degradation 
To  test  whether  WWP1  promotes  ErbB4  protein 
degradation,  we  first  measured  the  steady-state  levels 
of  ErbB4-CYTl  in  the  presence  and  absence  of  WWP1. 
As  shown  in  Figure  3a,  the  steady-state  levels  of  ErbB4- 
CYT1  (both  JMa  and  JMb  isoforms)  are  dramatically 
decreased  in  WT  WWP1  but  not  in  the  WWP1C890A 
overexpressing  HEK293T  cells.  As  expected,  WT 
WWP1  fails  to  dramatically  decrease  the  steady-state 
level  of  ErbB4-JMa-CYT2  (Figure  3a)  compared  with 
WWP1C890A  because  JMa-CYT2  cannot  interact  with 
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Figure  2  WWP1  ubiquitinates  ErbB4  proteins  in  mammalian  cells,  (a)  WWP1  ubiquitinates  both  juxtamembrane  (JM)a-cytoplasmic 
(CYT)l  and  JMb-CYTl  isoforms  using  its  E3  ligase  activity.  WWP1  also  ubiquitinates  the  PY3  and  PY1,  3  mutants  of  JMb-CYTl 
with  reduced  efficiency,  but  it  cannot  efficiently  ubiquitinate  the  PY2,  3  mutant  of  JMb-CYTl  and  JMa-CYT2  isoforms.  HEK293T 
cells  were  co-transfected  with  expressing  plasmids  for  Myc-Ub,  WWP1,  WWP1C890A,  JMa-CYTl,  JMa-CYT2  and  JMb-CYTl  (wild 
type  (WT),  PY3,  PY1,  3  and  PY2,  3  mutants)  as  indicated.  The  cells  were  treated  with  20  |im  of  the  proteasome  inhibitor,  MG132, 
overnight  to  accumulate  the  ubiquitinated  ErbB4  species.  The  immunoprecipitation  (IP)  was  carried  out  with  the  anti-ErbB4  antibody 
(Ab)  with  protein  A/G  beads  under  denaturing  conditions.  Immunoblotting  was  carried  out  with  the  indicated  Abs.  The  ubiquitin- 
conjugated  ErbB4  proteins  were  detected  by  anti-Myc  Ab.  (b)  The  endogenous  WWP1  E3  ligase  ubiquitinates  the  endogenous  ErbB4 
protein  in  T47D.  WWP1  was  knocked  down  by  anti-WWPl  siRNA#l  (Wsi).  The  anti-luciferase  small  interfering  RNA  (siRNA)  (Lsi) 
was  used  as  the  negative  control.  MG132  was  added  to  the  cells  for  overnight.  IP  was  carried  out  under  a  denaturing  condition  using 
anti-ErbB4  Ab.  The  ubiquitin-conjugated  ErbB4  proteins  were  detected  by  anti-Ub  Ab. 
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WWP1  nor  be  ubiquitinated  by  WWP1.  In  addition,  we 
found  that  WT  WWP1,  but  not  WWP1C890A, 
decreases  the  steady-state  levels  of  ErbB4- JMa-CYTl 
in  a  dosage-dependent  manner  (Figure  3b).  We  did 
observe  that  a  high  level  of  WWP1  or  WWP1C890A  can 
slightly  decrease  the  ErbB4-JMa-CYT2  protein  levels  by 
an  unknown  reason  (Figures  3a  and  b). 

To  further  investigate  whether  the  decrease  of  ErbB4 
by  WWP1  is  because  of  the  increase  of  protein 
degradation,  we  measured  the  half-lives  of  ErbB4 
isoforms  in  the  presence  and  absence  of  WWP1  by 
cycloheximide  chase  assays.  As  shown  in  Figures  3c  and 
d,  all  tested  ErbB4  isoforms  (CYT1  and  CYT2)  show  a 
long  half-life  (>  lOh)  in  HEK293T  cells.  When  WT 
WWP1  is  co-expressed,  the  half-lives  of  ErbB4-CYTl 
isoforms  are  dramatically  decreased  to  about  2h 
(Figures  3c  and  d).  The  catalytic  inactive  WWP1C890A 
does  not  significantly  affect  the  half-life  of  ErbB4-CYTl 
isoforms.  Consistent  with  the  results  that  WWP1 
ubiquitinates  the  ErbB4-JMb-CYTl-PY3  and  -PY1,  3 
isoforms  with  reduced  efficiencies,  WWP1  decreases  the 
half-lives  of  these  mutants  less  efficiently  (~3.5h  for 
PY3  and  ~4h  for  PY1,  3).  In  addition,  ErbB4- JMb- 
CYTl -PY2,  3  and  ErbB4-JMa-CYT2  isoforms  are 
resistant  to  WWP1  -mediated  degradation  (Figures  3c 
and  d)  because  of  the  lack  of  protein  ubiquitination  by 
WWP1. 

To  further  characterize  the  mechanism  by  which 
ErbB4  is  degraded  after  ubiquitination  by  WWP1,  we 
carried  out  cycloheximide  chase  assays  in  the  presence  of 
the  proteasome  inhibitor,  MG  132,  and  the  lysosome 


inhibitor,  chloroquine.  As  shown  in  Figures  3c  and  d, 
WWP1 -induced  ErbB4  degradation  is  partly  blocked  by 
MG132,  but  not  chloroquine,  suggesting  that  the 
degradation  of  ErbB4  by  WWP1  is  partly  through  the 
26S  proteasome,  not  by  the  lysosome. 

WWP1  downregulates  the  endogenous  ErbB4  protein 
levels  in  breast  cancer  cells 

To  determine  whether  WWP1  targets  ErbB4  for 
degradation  under  physiological  conditions,  we  knocked 
down  endogenous  WWP1  by  two  different  anti-WWPl 
siRNAs  in  two  breast  cancer  cell  lines,  T47D  and 
MCF7,  expressing  ErbB4- JMa-CYTl  (Maatta  et  al ., 
2006).  We  found  that  the  endogenous  ErbB4  protein 
levels  are  remarkably  elevated  in  both  cell  lines  when 
WWP1  is  knocked  down  by  both  siRNAs  (Figure  4a). 
The  ErbB4  mRNA  levels  are  not  changed  by  WWP1 
knockdown  in  these  cells  (data  not  shown).  These  results 
suggest  that  WWP1  targets  the  endogenous  ErbB4 
protein  for  degradation  in  breast  cancer  cell  lines. 

In  addition,  we  stably  overexpressed  WWP1  and 
WWP1C890A  in  MCF7.  The  expression  of  WT  and 
mutant  WWP1  in  MCF7  populations  was  shown  by 
western  blotting  (Figure  4b).  We  found  that  WT  WWP1 
dramatically  decreases  the  endogenous  ErbB4  protein 
level  compared  with  LacZ  and  WWP1C890A 
(Figure  4b).  For  an  unknown  reason,  WWP1C890A 
also  decreases  the  ErbB4  protein  level  compared  with 
LacZ.  To  exclude  the  possibility  that  the  regulation  is  at 
the  mRNA  level,  we  examined  the  ErbB4  mRNA  levels 
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Figure  3  WWP1  promotes  ErbB4  protein  degradation,  (a)  Wild-type  (WT)  WWP1,  but  not  the  catalytic  inactive  mutant, 
WWP1C890A,  decreases  the  steady  protein  levels  of  juxtamembrane  (JM)a-cytoplasmic  (CYT)l  and  JMb-CYTI,  but  not  JMa-CYT2, 
in  HEK293T  cells  as  determined  by  western  blot.  An  empty  vector  was  used  as  the  negative  control,  (b)  WT  WWP1,  but  not 
WWP1C890A,  decreases  the  steady  protein  levels  of  JMa-CYTI,  but  not  JMa-CYT2,  in  a  dosage-dependent  manner  (0,  0.2  and  0.5  |ig 
WWP1 -expressing  plasmids),  (c)  Measurement  of  protein  half-lives  by  cycloheximide  (CHX)  chase  assays.  HEK293T  cells  were 
co-transfected  with  the  indicated  plasmids.  At  48  h  after  transfection,  the  cells  were  incubated  with  50  pg/ml  CHX  for  different  times 
(2-10  h)  and  were  collected  for  western  blot.  MG132  (20  pM )  and  chloroquine  (100  |im)  were  added  together  with  CHX  for  the  indicated 
groups.  (3-actin  was  used  as  a  control.  The  exposure  times  for  each  panel  have  been  adjusted  to  better  compare  protein  half-lives, 
(d)  Quantative  results  of  panel  c  by  the  IMAGE  J  software.  The  |3-actin  normalized  ErbB4  protein  levels  at  0  h  were  defined  as  1.0  for 
each  panel.  V,  empty  vector;  W,  WWP1;  Wm,  WWP1C890A. 


Figure  4  WWP1  regulates  the  endogenous  ErbB4  protein  levels  and  activities  in  breast  cancer  cell  lines,  (a)  Knockdown  of  WWP1  by 
two  different  small  interfering  RNAs  (siRNAs)  increases  the  endogenous  ErbB4  (JMa-CYTI)  protein  levels  in  the  T47D  and  MCF7 
breast  cancer  cell  lines,  as  determined  by  western  blot.  Luciferase  (L)  siRNA  was  used  as  the  negative  control.  Mock  means  no  siRNA. 
All  siRNAs  were  transfected  at  100nM  final  concentration  for  48  h.  (b)  Wild-type  (WT)  WWP1,  but  not  WWP1C890A,  overexpression 
dramatically  decreases  the  endogenous  ErbB4  protein  expression  in  MCF7.  WT  and  mutant  WWP1C890A  were  transduced  into 
MCF7  by  a  lentiviral  system.  LacZ  was  used  as  the  negative  control.  The  blasticidin  (10  pg/ml)-resistant  cell  populations  were  used  for 
western  blot.  The  WWP1C890A  mutant  also  slightly  decreases  the  ErbB4  levels  in  MCF7  for  an  unknown  reason,  (c)  Measurement  of 
endogenous  ErbB4  half-lives  by  cycloheximide  (CHX)  chase  assays.  WWP1  was  knocked  down  in  T47D  by  anti-WWPl  siRNA  #1 
(Wsi)  and  the  control  siRNA  (Fsi)  for  2  days.  The  cells  were  incubated  with  50pg/ml  CHX  for  different  times  (2—4  h)  and  were 
harvested  for  western  blotting.  P-actin  was  used  as  a  loading  control,  (d)  Quantative  results  of  ErbB4  degradation  from  panel  c  by 
IMAGE  J  software,  (e)  MCF7  cells  were  transfected  with  the  serum  response  element  (SRE)-Fuc  plasmid  together  with  luciferase  (F), 
WWP1  (W)  and  ErbB4  (E)  siRNAs.  Twenty-four  hours  later,  the  transfected  cells  were  serum-starved  overnight  and  were  stimulated 
with  heregulin  (HRG)-P-l  (lOOng/ml)  for  8h.  Cell  lysates  from  three  parallel  wells  were  pooled,  and  equal  amounts  of  proteins  were 
subjected  to  immunoblotting  for  ErbB4  and  WWP1.  (f)  WWP1  regulates  the  SRE  promoter  activity  through  ErbB4.  The  average 
relative  luciferase  activities  are  plotted.  WWP1  siRNA  significantly  increases  the  HRG-P-1 -induced  SRE  promoter  activity  in  MCF7, 
whereas  ErbB4  siRNA  significantly  decreases  the  HRG-p-1  -induced  SRE  promoter  activity  in  MCF7.  Knockdown  of  ErbB4  can 
partially  rescue  WWP1  siRNA-induced  SRE  promoter  activity.  All  statistics  were  analysed  by  a  /-test.  **P<0.01.  (g)  Knockdown  of 
ErbB4  can  partially  rescue  WWP1  siRNA-induced  BRCA1  mRNA  expression  in  the  presence  of  HRG-P-1  (lOOng/ml)  in  MCF7.  The 
normalized  BRCA1  mRNA  levels  were  labeled  below  each  lane.  Overexpression  of  WT  WWP1  and  WWP1C890A  decreases  BRCA1 
mRNA  levels  in  the  presence  of  HRG-P-1  (lOOng/ml)  in  MCF7. 
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when  WWP1  is  overexpressed  in  MCF7  by  reverse 
transcriptase-PCR  and  found  that  the  ErbB4  mRNA 
levels  are  not  significantly  affected  by  WWP1  (data  not 
shown).  Taken  together,  we  conclude  that  WWP1 
regulates  the  endogenous  ErbB4  protein  expression  in 
breast  cancer  cell  lines. 

To  further  test  whether  the  endogenous  WWP1 
protein  targets  the  endogenous  ErbB4  protein  for 
degradation,  we  knocked  down  WWP1  in  T47D  by 
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the  anti-WWPl  siRNA  and  examined  the  half-lives  of 
ErbB4.  Compared  with  the  Luc  siRNA,  the  WWP1 
siRNA  indeed  dramatically  increases  the  half-life  of 
ErbB4  (Figures  4c  and  d). 

WWP1  inhibits  the  ErbB4  biological  activities  in  breast 
cancer 

As  a  receptor  tyrosine  kinase,  ErbB4  initiates  signaling 
on  binding  to  ligands  such  as  heparin-binding  EGF-like 
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growth  factor,  betacellulin,  epiregulin  and  heregulin 
(HRG)  (Sundvall  et  al .,  2008).  It  has  been  reported  that 
HRG  can  activate  the  serum  response  element  (SRE) 
through  ErbB4  (Omerovic  et  al .,  2007).  To  investigate 
whether  WWP1  inhibits  the  ErbB4  downstream  signal¬ 
ing,  we  measured  the  ErbB4  activities  using  the  SRE 
luciferase  reporter  assay  after  knocking  down  WWP1 
and  ErbB4  in  MCF7.  The  knockdown  effect  of  WWP1 
and  ErbB4  is  shown  in  Figure  4e.  As  expected,  knock¬ 
down  of  WWP1  increases  the  ErbB4  expression  levels  in 
the  absence  and  presence  of  HRG-P-1.  In  contrast, 
knockdown  of  ErbB4  has  no  effect  on  the  WWP1 
expression.  Another  anti-ErbB4  siRNA  has  the  same 
result  (data  not  shown).  As  shown  in  Figure  4f,  the 
ErbB4  activity  is  dramatically  increased  after  HRG-P-1 
stimulation.  WWP1  knockdown  significantly  increases 
but  ErbB4  knockdown  significantly  decreases  the  ErbB4 
activity.  Importantly,  knockdown  of  ErbB4  can 
partially  rescue  the  WWP1  siRNA-induced  ErbB4 
activity  increase.  These  results  suggest  that  WWP1 
functions  partially  through  ErbB4  in  MCF7. 

In  addition,  HRG-activated  ErbB4  has  been  shown  to 
increase  the  BRCA1  expression  in  MCF7  (Muraoka- 
Cook  et  al .,  2006a).  We  examined  the  HRG- P-1 -induced 
BRCA1  mRNA  expression  by  reverse  transcriptase- 
PCR.  As  shown  in  Figure  4g,  ErbB4  siRNA  decreases 
the  BRCA1  mRNA  levels  by  -20%  but  WWP1  siRNA 
increases  the  BRCA1  mRNA  levels  by  —  30%.  When  we 
combined  both  siRNAs,  the  BRCA1  mRNA  level  is 
similar  to  the  control.  Consistently,  overexpression  of 
WWP1,  but  not  WWP1C890A,  decreases  the  BRCA1 
mRNA  levels  by  —30%.  These  results  suggest  that  the 
WWP1  knockdown-induced  BRCA1  increase  is  indeed 
through  ErbB4. 

Itch  and  HECW1  also  inhibit  ErbB4  in  breast  cancer 
cell  lines 

It  has  been  reported  that  the  WWP1  family  member, 
Itch,  also  targets  ErbB4  for  degradation  in  T47D 
(Omerovic  et  al .,  2007).  To  test  whether  the  other 
WWP1  family  members  also  regulate  endogenous 
ErbB4  in  breast  cancer  cells,  we  knocked  down  the 
other  eight  WWP1  family  members  by  three  different 
siRNAs  for  each  gene  in  both  T47D  and  MCF7.  We 
found  that  siRNAs  against  Itch  and  HECW1  signifi¬ 
cantly  increase  the  ErbB4  protein  expression  in  T47D, 
but  not  in  MCF7  (Figure  5a),  although  all  siRNAs 
against  Itch  and  HECW1  work  well  in  both  cell  lines 
(Figure  5b).  We  also  examined  the  knockdown  efficien¬ 
cies  for  several  other  E3  ligases  and  found  that  all 
siRNAs  work  well  as  expected  (data  not  shown).  We 
further  compared  the  mRNA  expression  of  eight  E3 
ligases  in  MCF7  and  T47D  by  reverse  transcriptase- 
PCR.  As  shown  in  Figure  5c,  the  Itch  and  HECW1 
mRNA  levels  are  higher  in  T47D  than  those  in  MCF7. 
These  results  may  explain  why  knockdown  of  Itch  and 
HECW1  increase  the  ErbB4  protein  levels  in  T47D  but 
not  in  MCF7.  Finally,  we  found  that  knockdown  of 
WWP1,  Itch  and  HECW1  additively  increase  the 
endogenous  ErbB4  protein  levels  in  T47D  although 


WWP1  and  Itch  are  similarly  more  potent  than  HECW1 
(Figure  5d).  These  results  suggest  that  Itch  and  HECW1 
also  negatively  regulate  the  ErbB4  expression  in  breast 
cancer. 

The  expression  of  WWP1  and  ErbB4  in  breast  cancer 
cell  lines 

As  WWP1  negatively  regulates  the  ErbB4  protein 
stability  in  breast  cancer  cell  lines,  we  examined  the 
WWP1  and  ErbB4  protein  levels  in  a  panel  of  eight 
breast  cancer  cell  lines  and  expected  to  detect  a  negative 
correlation.  As  shown  in  Figure  5e,  the  full-length 
ErbB4  can  only  be  detected  in  four  ER-oc-positive  breast 
cancer  cell  lines  (BT474,  MCF7,  T47D  and  HCC1500). 
Interestingly,  WWP1  is  also  highly  expressed  in  three 
out  of  four  ER-positive  breast  cancer  cell  lines  (BT474, 
MCF7  and  HCC1500).  These  results  are  consistent  with 
our  previous  reports  (Chen  et  al .,  2007b,  2009).  Both 
ErbB4  and  WWP1  are  lowly  expressed  in  ER-a-negative 
breast  cancer  cell  lines  (MDA-MB-231,  MDA-MB-468, 
HCC1937  and  Hs578T).  Thus,  there  is  no  negative 
correlation  between  the  WWP1  protein  expression  and 
the  ErbB4  protein  expression  in  these  breast  cancer  cell 
lines. 


Discussion 

In  this  study,  we  provide  several  lines  of  evidence  to 
support  that  WWP1  targets  the  full-length  ErbB4-CYTl 
isoforms  for  ubiquitin-mediated  degradation.  First, 
WWP1  binds  to  ErbB4-CYTl  proteins  through  the 
WW/PY  motif  interaction.  Second,  WWP1  ubiquiti- 
nates  ErbB4-CYTl  proteins  through  its  E3  ubiquitin 
ligase  activity.  Third,  WWP1  decreases  the  protein  half- 
lives  of  ErbB4-CYTl  proteins.  Most  importantly, 
endogenous  WWP1  suppresses  the  endogenous  ErbB4 
protein  levels  and  activities  in  breast  cancer. 

ErbB4  has  been  reported  to  be  targeted  for  degrada¬ 
tion  by  several  E3  ligases,  including  Itch  (Omerovic 
et  al .,  2007),  anaphase-promoting  complex/cyclosome 
(Strunk  et  al .,  2007),  and  most  recently  WWP1  (Feng 
et  al .,  2009).  While  our  study  was  ongoing,  Feng  et  al. 
(2009)  published  that  WWP1  selectively  targets  HER4/ 
ErbB4-JMa-CYTl  and  its  cleaved  m80  for  degradation. 
Although  our  research  results  completely  support  the 
conclusion  that  WWP1  targets  the  full-length  ErbB4/ 
HER4  for  degradation  by  using  different  strategies, 
there  are  several  new  discoveries  in  our  study.  First,  we 
identified  that  the  first  and  third  WW  domains  of 
WWP1  play  major  roles  for  protein  interaction.  Second, 
we  showed  that  WWP1  regulates  both  JMa  and  JMb 
isoforms.  Most  importantly,  we  examined  all  WWP1 
family  members  by  the  RNA  interference  approach  in 
two  breast  cancer  cell  lines  and  discovered  that  HECW 1 
may  also  suppress  ErbB4  in  breast  cancer.  In  addition, 
we  found  that  there  is  no  negative  correlation  between 
the  expression  of  WWP1  and  ErbB4  in  eight  breast 
cancer  cell  lines.  Finally,  we  found  that  ErbB4  does  not 
regulate  the  endogenous  WWP1  expression  in  breast 
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Figure  5  Itch  and  HECW1  also  suppress  ErbB4  protein  expression  and  the  protein  expression  of  WWP1  and  ErbB4  in  breast  cancer 
cell  lines,  (a)  The  screening  of  the  other  eight  WWP1  family  members  that  suppress  the  ErbB4  protein  expression  by  RNA  interference 
in  T47D  and  MCF7.  The  anti-itch  and  anti-HECWl  small  interfering  RNAs  (siRNAs)  upregulate  the  ErbB4  protein  expression  in 
T47D  but  not  in  MCF7.  Three  different  silencer  select  pre-designed  siRNAs  for  each  gene  (Ambion)  were  used  to  knockdown  gene 
expression  at  10nM  final  concentration,  (b)  Knockdown  efficiencies  of  anti-itch  and  anti-HECWl  siRNAs  in  T47D  and  MCF7,  as 
determined  by  reverse  transcriptase  (RT)-PCR.  (c)  The  mRNA  levels  of  WWP1  family  members  in  MCF7  and  T47D,  as  determined 
by  RT-PCR.  (d)  WWP1,  Itch  and  HECW1  additively  inhibit  ErbB4  in  T47D.  (e)  The  expression  of  ErbB4  and  WWP1  was  analysed  in 
a  panel  of  breast  cancer  cell  lines  by  western  blotting.  Both  WWP1  and  ErbB4  are  predominately  expressed  in  estrogen  receptor-a- 
positive  breast  cancer  cell  lines. 


cancer  (Figure  4e).  This  is  different  from  the  published 
results  that  ErbB4  decreases  the  WWP1  expression 
(Feng  et  al .,  2009). 

We  found  that  WWP1  specifically  targets  ErbB4- 
CYT1  but  not  CYT2  isoforms.  Maatta  et  al.  (2006) 
reported  that  JMa-CYTl,  but  not  JMA-CYT2,  is 
localized  to  early  endosomes.  WWP1  is  also  localized 
to  endosomes  (Chen  et  al.,  2008).  However,  the 
proteasome  inhibitor,  MG  132,  but  not  the  lysosome 
inhibitor,  chloroquine,  partially  block  the  WWP1- 
mediated  ErbB4-CYTl  degradation  (Figure  3).  Inter¬ 
estingly,  the  combination  of  MG  132  and  chloroquine 
synergistically  blocks  the  WWP1 -mediated  ErbB4- 
CYT1  degradation  (data  not  shown).  Similar  results 
have  been  observed  by  Feng  et  al.  (2009).  The 


degradation  mechanism  of  the  ubiquitinated  ErbB4 
proteins  remains  to  be  elucidated. 

Although  transient  WWP1  overexpression  does 
not  change  the  exogenous  EGFR,  ErbB2  and  ErbB3 
protein  levels  in  COS7  cells  (Feng  et  al.,  2009),  we 
previously  found  that  WWP1  upregulates  EGFR 
and  ErbB2  in  MCF10A  and  PC-3  (Chen  et  al.,  2008). 
As  EGFR  and  ErbB2  do  not  have  a  PY  motif,  the 
regulation  of  EGFR  and  ErbB2  by  WWP1  is  indirectly 
mediated  through  RNF11  (Chen  et  al.,  2008)  and  may 
be  cell  line  specific.  In  contrast,  the  direct  regulation 
of  ErbB4  by  WWP1  is  broadly  detected  in  multiple 
cell  lines. 

One  of  the  primary  functions  of  ErbB4  in  vivo  is  in  the 
maturation  of  mammary  glands  during  pregnancy  and 
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lactation  induction  (Long  et  al.,  2003;  Tidcombe  et  al., 
2003).  ErbB4  can  activate  the  expression  of  the 
tumor  suppressor  gene,  BRCA1,  (Muraoka-Cook 
et  al.,  2006a)  and  differentiation  genes  such  as  (3-casein 
(Muraoka-Cook  et  al.,  2008).  Most  studies  suggest  that 
ErbB4  also  decreases  breast  epithelial  cell  proliferation 
(Pitfield  et  al.,  2006;  Muraoka-Cook  et  al.,  2006a; 
Feng  et  al.,  2007)  and  survival  (Naresh  et  al.,  2006; 
Vidal  et  al.,  2007).  As  an  ErbB4-negative  regulator, 
WWPl  has  been  shown  to  promote  breast  epithelial 
cell  proliferation  and  survival  (Chen  et  al.,  2007b, 
2009;  Nguyen  Huu  et  al.,  2008).  Whether  WWPl 
regulates  mammary  gland  development  during  preg¬ 
nancy  and  lactation  through  suppressing  ErbB4  in  vivo 
remains  to  be  elucidated  by  studying  the  breast-specific 
WWPl  knockout  and  WWPl  transgenic  mice  in 
the  future. 

It  is  surprising  that  the  expression  of  ErbB4  and 
WWPl  is  not  negatively  correlated  in  breast  cancer 
cell  lines.  Three  ER-positive  cell  lines  with  ErbB4 
expression  (BT474,  MCF7  and  HCC1500)  also  show 
higher  levels  of  WWPl  compared  with  four  ER-negative 
breast  cancer  cell  lines  (Figure  5e).  The  WWPl 
protein  expression  has  been  associated  with  positive 
ER-a  and  good-prognosis  breast  tumors  (Nguyen 
Huu  et  al.,  2008;  Chen  et  al.,  2009).  Consistently, 
most  publications  associated  the  ErbB4  protein 
expression  with  ER-a-positive,  low  grade  and  more 
differentiated  breast  tumors  (Tang  et  al.,  1999;  Suo 
et  al.,  2001;  Witton  et  al.,  2003;  Junttila  et  al.,  2005). 
However,  knockdown  of  endogenous  WWPl  signifi¬ 
cantly  upregulates  endogenous  ErbB4  protein  expres¬ 
sion  in  both  T47D  and  MCF7  (Figure  4a).  It  is 
becoming  evident  that  the  expression  of  ErbB4  is 
dynamically  controlled  by  synthesis  and  degradation, 
which  may  explain  the  observation  that  both 
WWPl  and  ErbB4  are  co-expressed  in  the  same  breast 
cancer  cells. 

Besides  WWPl,  another  WWPl  family  member, 
Itch,  has  been  reported  to  target  ErbB4  for  ubiquitin- 
mediated  degradation  (Omerovic  et  al.,  2007).  We 
confirmed  that  knockdown  of  Itch  can  upregulate 
ErbB4  in  T47D  but  not  in  MCF7  (Figure  5).  It  is 
partially  because  Itch  is  lowly  expressed  in  MCF7. 
Similar  results  were  observed  for  HECW1.  HECW1 
(NEDL1)  has  been  shown  to  be  an  E3  ligase  for  Dvl-1 
(Miyazaki  et  al.,  2004)  and  to  cooperate  with  p53  to 
induce  apoptosis  independent  of  its  E3  ligase  activity  (Li 
et  al,  2008a).  Thus,  WWPl,  Itch  and  HECW1 
additively  suppress  the  ErbB4  expression  in  some  breast 
cancers. 

In  summary,  we  show  that  WWPl  specifically  targets 
the  ErbB4-CYTl  proteins  for  ubiqui tin-mediated  de¬ 
gradation  and  regulates  its  biological  activities  in  breast 
cancer.  Given  the  frequent  gene  amplification  and 
overexpression  of  WWPl  in  prostate  and  breast  cancer, 
this  knowledge  may  help  us  understand  the  role  of 
WWPl  in  prostate  and  breast  cancer  development  and 
may  be  useful  for  guiding  the  development  of  anti- 
WWP1  and  pan-ErbB  kinase  inhibitors  for  future 
prostate  and  breast  cancer  target  therapy. 


Materials  and  methods 

Cell  culture  and  transfection 

The  human  embryonic  kidney  293T  (HEK293T)  cell  line  was 
cultured  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM) 
containing  5%  fetal  bovine  serum  (FBS)  and  1%  penicillin  and 
streptomycin  (PS).  MCF7  breast  cancer  cells  were  grown  in 
DMEM  supplemented  with  2  mM  L-glutamine,  1  mM  sodium 
pyruvate,  0.1  mM  non-essential  amino  acid,  1.5  g/1  sodium 
bicarbonate,  0.01  mg/ml  insulin,  5%  FBS  and  1%  PS.  T47D 
breast  cancer  cells  were  cultured  in  RPMI  1640  medium  with 
2  mM  L-glutamine  and  supplemented  with  1  mM  sodium 
pyruvate,  4.5  g/1  glucose,  10  mM  HEPES,  1.5  g/1  sodium 
bicarbonate,  5%  FBS,  0.01  mg/ml  insulin  and  1%  PS. 

All  transient  transfections  for  plasmids  and  siRNAs  were 
carried  out  using  Lipofectamine  2000  (Invitrogen,  Carlsbad, 
CA,  USA).  Two  chemically  synthesized  WWPl  siRNAs  were 
purchased  from  Dharmacon  (Chicago,  IL,  USA)  and  trans¬ 
fected  at  100  nM  final  concentration.  The  siRNA  target 
sequences  for  human  WWPl  gene  are  5'-GAAGTCATCTGT 
AACTAAA-3'  (Wsi#l)  and  5'  -GC  AG  AG  A  A  AT  ACT  GTTT 
AT-3'  (Wsi#2).  The  3'-UU  overhang  for  both  strands  and  5'- 
phophorylation  for  antisense  sequence  were  used  for  these 
siRNAs.  The  silencer  select  pre-designed  siRNAs  for  ErbB4 
and  eight  WWPl  family  members  were  purchased  from 
Applied  Biosystems  (Ambion,  Austin,  TX,  USA).  The  target 
sequences  for  ErbB4  siRNAs  are  5'-CCCTTACAATGCAAT 
TGAATT-3'  and  5'  -CCCGT  A  AT  GT  CTT  AGT  G  A  ATT  -  3 ' . 
The  final  concentration  for  silencer  select  siRNAs  was  10  nM. 

Expression  plasmids 

The  plasmids  expressing  WT  WWPl,  the  catalytic  inactive 
hWWPlC890A,  mWWPlC886S,  and  Myc-Ub  have  been 
described  in  our  previous  studies  (Chen  et  al.,  2005,  2007b). 
The  ErbB4- JMa-CYT  1 ,  JMa-CYT2,  JMb-CYTl,  JMb-CYTl  - 
PY3  mutant  and  pSRE-Luc  constructs  have  been  described  in 
a  previous  study  (Omerovic  et  al.,  2007).  The  first  and  second 
PY  motifs  were  mutated  based  on  the  JMb-CYTl -PY3  mutant 
using  a  QuikChange  site-directed  mutagenesis  kit  (Stratagene, 
La  Jolla,  CA,  USA).  The  resulting  constructs  express  ErbB4- 
JMb-CYTl-PYl,  3  and  ErbB4-JMb-CYTl-PY2,  3. 

Antibodies 

The  anti- WWPl  rabbit  polyclonal  Ab  has  been  described  in 
our  previous  report  (Chen  et  al.,  2007a).  The  anti- WWPl 
mouse  monoclonal  Ab  (1A7)  is  from  Novus  Biologicals, 
Inc  (Littleton,  CO,  USA).  The  anti-(3-actin  mouse  monoclonal 
Ab  AC-15  (#A5441)  is  from  Sigma  (St  Louis,  MO,  USA). 
The  anti-Myc  mouse  monoclonal  Ab  9B11  (#2276)  is 

from  Cell  Signaling  (Danvers,  MA,  USA).  The  anti-ErbB4 
rabbit  polyclonal  Ab  (C-18,  #Sc-283),  anti-ER-a  Ab  (H-184,  #Sc- 
7207),  anti-Ub  Ab  (#Sc-8017)  and  the  rabbit  IgG  (#Sc-2027)  are 
from  Santa  Cruz  Biotechnology  (Santa  Cruz,  CA,  USA). 

Immunoprecipitation  and  GST  pull-down 
Immunoprecipitation  using  an  anti-Myc  Ab  plus  protein  A-agarose 
beads  and  GST  pull-down  experiments  have  been  described  in  our 
previous  studies  (Chen  et  al.,  2005;  Li  et  al.,  2008b).  The  anti-ErbB4 
rabbit  polyclonal  Ab  was  used  to  immunoprecipitate  the 
endogenous  ErbB4  proteins  from  MCF7.  The  rabbit  IgG  was 
used  as  the  negative  control.  The  beads  were  washed  five  times  with 
500  jal  of  1  x  cell  lysis  buffer.  Proteins  were  resuspended  with  30  pi 
of  SDS  sample  loading  buffer  and  analysed  by  western  blot. 

Protein  ubiquitination  assay 

HEK293T  cells  were  transiently  transfected  with  Myc-Ub  and 
other  plasmids  as  necessary  in  6-well  plates.  Two  days  after 
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Table  1  Primer  sequences  for  reverse  transcriptase-PCR 

Gene  Primer  Sequence  (5'  3') 


HECW1 

Forward 

Backward 

Itch 

Forward 

Backward 

Smurfl 

Forward 

Backward 

Smurf2 

Forward 

Backward 

Nedd4 

Forward 

Backward 

Nedd4L 

Forward 

Backward 

WWP2 

Forward 

Backward 

BRCA1 

Forward 

Backward 

P-actin 

Forward 

Backward 

T  CCTT  CCCT  G  AGGCCT  G  A  AC 

CTGTTGCAATGGTTCGCTGA 

AGCT  G  AGT  GG  AGGTT  GT  CTC 

GC A ATCGGC A  GGTTCCAGTA 

TTT  GGCTTT  GGT  C  AC  AC  AGG 

GCT  GGG  AT  GT  G  A  A  AT  CT  GG  A 

AC  ACTT  GCTT  C  A  ATCGA  AT  A 

AGG  AGGCT  GT  C  AGT  C  AGGGTT 

T  GCC  A  AG  AGCT  CAT  ACCT  GT 

GGGAAGACTCAGTGGCCACA 

TCACAGGGACATCGCGAGT 

T  CT  GCC  ATCGCCT  CT  GCA  A  A 

AC  AT  CAT  GCT  GCT  G  ACT  G  AC 

GCTCATGTCTATCTCCTGCA 

CAT  C  ATTC  ACCCTT  GGC  AC  A 

T  GGCT  GC  AGT  C  AGT  AGT  GGC 

G  A  A  AT  CGT  GCGT  G  AC  ATT  A  AG 

CT  AGA  AGC  ATTT  GCGGT  GGACG  AT  GG  AGGGGCC 
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transfection,  the  cells  were  harvested  in  150  pi  SDS  lysis  buffer 
(50 mM  Tris-Cl,  pH  6.8,  1.5%  SDS).  The  samples  were  boiled 
for  15  min.  One  hundred  pi  of  protein  lysate  was  diluted  with 
1.2  ml  EBC/bovine  serum  albumin  (BSA)  buffer  (50  mM  Tris- 
Cl,  pH  6.8,  180 mM  NaCl,  0.5%  CA630,  0.5%  BSA)  and 
incubated  with  30  pi  50%  anti-ErbB4  Ab  together  with  protein 
A/G  Plus- Agarose  (#Sc-2003,  Santa  Cruz  Biotechnology) 
overnight  at  4  °C  with  rotation.  The  beads  were  collected  by 
centrifugation  at  lOOOOg  for  30  s  at  4°C  and  washed  three 
times  with  1  ml  ice-cold  EBC/BSA  buffer.  Proteins  were 
resuspended  with  30  pi  of  SDS  sample  loading  buffer  and 
analysed  by  western  blot.  Ubiqui tin-conjugated  ErbB4  was 
detected  by  anti-Myc  Ab  or  anti-Ub  Ab. 

Luciferase  reporter  assay 

MCF7  cells  were  transfected  with  the  SRE-luciferase  reporter 
and  the  indicated  combinations  of  WWP1  siRNA#l  and 
ErbB4  siRNA#l.  At  8h  after  transfection,  the  cells  were 
starved  overnight  (16h)  and  stimulated  with  lOOng/ml  of 
HRG-pl  (Sigma)  for  8h.  Luciferase  activities  were  measured 
by  using  the  luciferase  reporter  assay  system  with  a  GloMax 
20/20  Luminometer  (Promega,  Madison,  WI,  USA). 
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Kriipple-like  transcription  factor  5  ( KLF5 )  is  a  zinc-finger 
transcription  factor  promoting  cell  survival  and  tumorigenesis 
in  multiple  cancers.  A  high  expression  level  of  KLF5  has  been 
shown  to  be  associated  with  shorter  breast  cancer  patient  sur¬ 
vival.  However,  the  role  of  KLF5  and  mechanism  of  KLF5  actions 
in  breast  cancer  remain  unclear.  In  this  study,  we  found  that 
KLF5  knockdown  by  small  interfering  RNA  in  two  breast  cell 
lines,  MCF10A  and  BT20,  induces  apoptosis.  Interestingly,  a 
pro-survival  phosphatase,  dual  specificity  mitogen-activated 
protein  kinase  phosphatase  1  (MKP-1),  is  down-regulated  by 
KLF5  ablation.  Consistently,  KLF5  overexpression  increases  the 
MKP-1  protein  expression  in  Hs578T  and  MCF7.  We  further 
found  that  MKP-1  is  essential  and  sufficient  for  KLF5  to  pro¬ 
mote  breast  cell  survival.  However,  MKP-1  is  not  a  KLF5  direct 
transcription  target  because  the  MKP-1  mRNA  level  is  not  reg¬ 
ulated  by  KLF5.  By  cycloheximide  chase  assays,  we  found  that 
KLF5  decreases  MKP-1  protein  degradation  via  activating  the 
ERK  signaling.  Inhibition  of  pERK  by  the  pharmacological 
inhibitor  U0126  specifically  blocks  KLF5-induced  MKP-1  phos¬ 
phorylation  and  stabilization.  Additionally,  constitutive  activa¬ 
tion  of  ERK  by  constitutively  activated  MEK1  rescues  the  KLF5 
depletion-induced  MKP-1  down-regulation.  Consistently,  the 
phosphorylation-deficient  MKP-1  mutant  cannot  be  stabilized 
by  KLF5.  Finally,  the  activation  of  ERK  by  KLF5  is  very  likely 
through  the  KLF5  direct  target  gene  FGF-BP  in  breast  cells. 
These  findings  suggest  that  KLF5  is  a  pro-survival  factor  that 
promotes  breast  cell  survival  partially  through  pERK-mediated 
MKP-1  phosphorylation  and  stabilization.  The  KLF5-FGF-BP- 
pERK-MKP-1  signaling  axis  may  provide  new  therapeutic  tar¬ 
gets  for  invasive  breast  cancer. 


The  Kriipple-like  transcription  factor  5  ( KLFS/1KLF / 
BTEB2 )2  has  been  suggested  to  be  an  oncogene  in  multiple 
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carcinomas  including  the  intestinal  (1),  esophageal  (2),  bladder 
(3),  and  breast  (4).  A  high  level  of  the  KLF5  mRNA  has  been 
reported  to  associate  with  a  short  survival  time  in  breast  cancer 
patients  (4).  In  addition,  KLF5  expression  is  induced  by  a  num¬ 
ber  of  oncogenes  including  ERBB2  (5),  RAS  (6),  and  WNT  (7). 
Consistently,  KLF5  has  been  shown  to  promote  cell  prolifera¬ 
tion  (3),  migration  (8),  and  tumorigenesis  (3)  in  different  cell 
models  by  regulating  gene  transcription.  KLF5  has  been  shown 
to  promote  cell  survival  through  regulating  Survivin  (9),  Piml 
(10),  and  PARP1  (11)  in  different  types  of  cells. 

Our  previous  study  showed  that  KLF5  promotes  the  TSU- 
Prl  bladder  cancer  cell  growth  in  vitro  and  in  vivo  (3).  Further¬ 
more,  we  demonstrated  that  KLF5  regulates  a  number  of  down¬ 
stream  target  genes  in  a  microarray  study.  Following  that,  we 
proved  that  KLF5  promotes  breast  cell  proliferation  partially 
through  directly  inducing  the  fibroblast  growth  factor-binding 
protein  1  ( FGF-BP )  transcription  in  breast  cancer.3  FGF-BP  was 
confirmed  to  be  a  I<LF5-induced  gene  in  the  mouse  lung  in  an 
independent  microarray  study  (13). 

Besides  FGF-BP ,  another  KLF5  downstream  target  gene  (3), 
dual  specificity  mitogen-activated  protein  kinase  phosphatase  1 
(MKP-1  / DUSP1  / CF-100),  has  been  documented  to  promote 
cell  survival  (14).  Mitogen-activated  protein  kinases  (MAPKs) 
are  activated  via  phosphorylation  of  ERK,  p38,  and  JNK.  These 
MAPKs  are  inactivated  via  de-phosphorylation  by  MKPs 
including  MKP-1  (15).  Although  pERK  usually  contributes  to 
cell  proliferation  and  survival,  pJNK  and  pp38  promote  cell 
apoptosis  in  response  to  stress  (16).  The  balance  between 
MAPKs  and  MKPs  determines  whether  cells  undergo  survival 
or  apoptosis  (17).  Consistently,  MKP-1  has  been  reported  to  be 
overexpressed  in  many  types  of  cancer  including  breast  cancer 
(15,  18).  It  has  been  shown  that  MKP-1  is  rapidly  induced  in 
response  to  multiple  stress  stimuli,  such  as  the  chemotherapy 
drugs  paclitaxel  (14)  and  cisplatin  (19,  20),  oxidative  stress  (21), 
and  UV  radiation  (22),  and  contributes  to  cell  survival.  The 
MKP-1  induction  by  stress  is  at  both  transcriptional  (23,  24) 
and  post-translational  (25, 26)  levels  and  primarily  mediated  by 
the  activation  of  ERK  signaling.  Interestingly,  the  pERK  levels 
are  increased  by  KLF5  in  TSU-Prl  (3). 

Here,  we  studied  the  mechanism  by  which  MKP-1  is  induced 
by  KLF5  in  breast  cancer.  We  showed  evidence  that  KLF5  pro- 


3  FI.  Q.  Zheng,  Z.  Zhou,  L.  Chaudhury,  J.  T.  Dong,  and  C.  Chen,  unpublished 
data. 
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motes  breast  cell  survival  partially  through  MKP-1.  The  induc¬ 
tion  of  MKP-1  by  KLF5  in  breast  cells  is  at  the  protein  post- 
translational  level  but  not  the  transcriptional  level.  The 
activation  of  ERI<  signaling  by  KLF5  is  essential  and  sufficient 
for  MKP-1  protein  phosphorylation  and  stabilization  in  breast 
cells.  We  further  demonstrated  that  activation  of  ERI<  signaling 
is  likely  mediated  by  the  KLF5  direct  target  gene  FGF-BP . 
Taken  together,  the  I<LF5-FGF-BP-pERK-MKP-l  signaling 
axis  may  contribute  to  breast  cancer  and  provide  new  therapeu¬ 
tic  targets  for  breast  cancer. 

MATERIALS  AND  METHODS 

Breast  Cell  Lines  and  Culture  Conditions — The  immortal¬ 
ized  breast  epithelial  cell  line  MCF10A  was  maintained  in 
Dulbecco's  modified  Eagle's  medium/Ham's  F-12  50/50 
medium  supplemented  with  5%  horse  serum,  0.5  pig/ml 
hydrocortisone,  10  jmg/ml  insulin,  20  ng/ml  epidermal 
growth  factor,  0.1  jutg/ml  cholera  enterotoxin,  100  units/ml 
penicillin,  100  pig/ml  streptomycin,  and  2  mM  L-glutamine. 
The  breast  cancer  cell  lines  BT-20  and  MCF7  were  cultured 
in  minimal  essential  medium  containing  5%  fetal  bovine 
serum,  0.1  mM  non-essential  amino  acid,  1.5  g/liter  sodium 
bicarbonate,  1  mM  sodium  pyruvate,  0.01  mg/ml  insulin,  and 
100  units/ml  penicillin  and  100  jutg/ml  streptomycin.  The 
breast  cancer  cell  line  Hs578T  was  cultured  in  Dulbecco's 
modified  Eagle's  medium  supplemented  with  10%  fetal 
bovine  serum,  1.5  g/liter  sodium  bicarbonate,  1  mM  sodium 
pyruvate,  0.01  mg/ml  insulin,  and  100  units/ml  penicillin 
and  100  p,g/ml  streptomycin.  These  cells  were  maintained  in 
a  humidified  atmosphere  with  5%  C02  at  37  °C. 

Immunoblotting  and  Antibodies— Immunoblotting  was  per¬ 
formed  with  40  /xg  of  proteins.  The  anti-j3-actin  and  anti-V5 
antibodies  are  from  Sigma.  The  anti-PARP,  anti-cleaved 
caspase  3,  anti-pERK,  and  anti-pMI<P-lSer_359  antibodies  are 
from  Cell  Signaling  (Danvers,  MA).  The  anti-I<LF5  rabbit  poly¬ 
clonal  antibody  has  been  described  previously  (27).  The  anti- 
MKP-1  antibody  was  from  Santa  Cruz  Biotechnology,  Inc. 
(Santa  Cruz,  CA). 

siRNA  Transfection  and  Adenovirus  Infection — The  control 
luciferase  siRNA  (Lucsi),  KLF5  siRNA  (I<LF5si)  (Dharmacon, 
Chicago,  IL),  and  MKP-1  siRNA  (MKP-lsi)  (silencer  select  pre¬ 
designed  siRNA,  Ambion,  Austin,  TX)  were  transfected  by 
Lipofectamine  2000  (Invitrogen).  The  siRNA  target  sequences 
were:  5'-AGCTCACCTGAGGACTCACAC-3',  for  the  human 
KLFS  gene,  5'-CTTACGCTGAGTACTTCGA-3'  for  the  lucif¬ 
erase  gene,  and  5'-GGACTAATCGAGTCAAGCT-3'  for  the 
human  MKP-1  gene.  The  final  concentration  of  Lucsi  and 
I<LF5si  was  100  nM;  and  the  final  concentration  of  MKP-lsi  was 
10  nM. 

The  KLFS  and  control  gfp  adenoviruses  have  been  described 
previously  (3).  MCF7  and  Hs578T  cells  were  infected  with 
adenoviruses  in  media  containing  5%  fetal  bovine  serum.  After 
incubation  with  the  adenoviruses  for  4  h,  the  cells  were  cultured 
in  normal  growth  media. 

Cycloheximide  (CHX)  Chase  Assays— \\sS7KY,  MCF10A,  and 
HEK293T  cells  were  seeded  into  a  12-well  plate  at  a  density  of 
1-2.5  X  105  cells  per  well.  After  overnight  culture,  the  cells 
were  either  transfected  with  different  siRNAs  or  plasmids  or 


infected  with  adenoviruses.  Two  days  after  transfection  or 
infection,  the  cells  were  treated  with  50  jutg/ml  CHX.  Total  pro¬ 
teins  were  collected  at  different  time  points  and  subjected  to 
immunoblotting  for  KLF5,  MKP-1,  and  /3-actin. 

Reverse  Transcriptase-PCR— Total  RNAs  were  isolated  using 
TRIzol®  reagent  (Invitrogen).  Reverse  transcriptions  were  per¬ 
formed  using  the  Iscript™  cDNA  synthesis  kit  (Bio-Rad).  For¬ 
ward  primer,  5 '  -G  AT  CT  AG  AT  AT  GCCC  AG  TT  C-3 ' ,  and 
reverse  primer,  5'-CAGCCTTCCCAGGTACACTTG-3',  were 
used  to  amplify  KLFS  by  PCR  in  a  20-pl  volume.  Primer 
sequences  for  MKP-1  were  5'-CCCGGAGCTGTGCAG- 
CAA-3'  (forward)  and  5 '  -CTGGCCCAT G AAGCT G AAGT-3 ' 
(reverse).  A  total  of  32  cycles  were  used  to  amplify  KLFS  and 
MKP-1 ,  whereas  28  cycles  were  used  to  amplify  the  fi-actin 
control. 

Cell  Viability  Assay— MCF10A  and  BT20  cells  were  trans¬ 
fected  with  I<LF5si,  MKP-lsi,  and  Lucsi,  respectively,  for  5  days 
before  analysis.  The  SRB  assay  was  used  to  measure  cell  viability 
as  described  in  our  previous  report  (28). 

Plasmids  and  Gene  Over  expression  by  Lentiviruses — The 
human  MKP-1  gene  was  amplified  from  IMAGE  clone  5296005 
with  the  pfu  enzymes  by  PCR  using  primers  5'-ttggatccATGGT- 
CATGG AAGTGGGCAC-3 '  and  5 '  -ttctcgagT CAGCAGCT GG- 
GAGAGGTCG-3'.  The  catalytically  inactive  MKP-1C258S  mutant 
was  generated  by  PCR  using  primers  5'-GTTTGTCCACTCCC- 
AGGCAGGCATTTCCCG-3'  and  5'-TGCCTGCCTGGGAG- 
TGG ACAAACACCCTT C-3 ' .  The  M/<P-2S359A/S364A  mutant 
was  generated  by  primers  5 '-ttggatccATGGTCATGG AAGT¬ 
GGGCAC-3'  and  5'-ttctcgagTCAGCAGCTGGGTGCG- 
GTCGTAATGGGTGCCTGAAGGTAGCTCAGCGCAC-3'. 
The  PCR  products  was  digested  by  BamHI/XhoI  and  subcloned 
into  the  pLenti6/V5-D-TOPO  vector  and  verified  by  DNA 
sequencing.  The  pLenti6/V5-GW//^cZvector  (Invitrogen)  was 
used  as  a  negative  control. 

A  constitutively  activated  MEK1  was  amplified  from  pMCL- 
MEK1-HED  (29)  (a  gift  from  Dr.  A.  E.  Aplin,  Thomas  Jefferson 
University,  Philadelphia,  PA)  and  subcloned  into  pLenti6/V5- 
D-TOPO  vector.  All  plasmids  were  transfected  into  HEI< 
293FT  packing  cells  using  Lipofectamine  2000.  Lentiviruses 
were  collected  at  72  h  after  transfection  and  used  to  transduce 
MCF10A  cells  in  a  6-well  plate.  Forty-eight  h  after  transduc¬ 
tion,  the  antibiotic  blasticidin  (10  jutg/ml)  was  added  to  select 
drug-resistant  populations. 

RESULTS 

KLFS  Knockdown  Induces  Apoptosis  and  Decreases  the 
MKP-1  Expression  in  Breast  Cells— KIES  has  previously  been 
shown  to  express  in  estrogen  receptor  a  negative  basal-like 
breast  cells.3  To  determine  whether  KLF5  promotes  breast  cell 
survival,  we  knocked  down  KLF5  in  two  KLF5  positive  breast 
cell  lines,  MCF10A  and  BT20  (30).  We  examined  the  levels  of 
apoptosis  markers,  cleaved  PARP,  and  caspase  3,  in  the  control 
luciferase  siRNA  (Lucsi)  and  well  characterized  KLFS  siRNA 
(I<LF5si)  (3, 31)  transfected  cells  by  immunoblotting.  We  found 
that  I<LF5si  induces  the  cleavage  of  both  PARP  and  caspase  3 
compared  with  Lucsi  in  MCF10A  and  BT20  (Fig.  L4).  To  fur¬ 
ther  confirm  that  KLF5  knockdown  decreases  cell  survival 
through  inducing  apoptosis,  we  measured  cell  viability  by  the 
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FIGURE  1 .  Knockdown  of  KLF5  induces  apoptosis  and  down-regulates  the  MKP-1  protein  levels  in  breast 
cells.  A,  knockdown  of  KLF5  induces  the  PARP  and  caspase  3  cleavage  and  down-regulates  the  MKP-1  protein 
levels  in  MCF10A  and  BT20.  A  well  characterized  KLF5  siRNA  was  used  to  knockdown  the  KLF5  expression  in 
MCF1 OA  and  BT20  cells.  Luciferase  siRNA  (Lucsi)  was  used  as  the  negative  control.  Protein  levels  were  detected 
by  immunoblotting.  B,  KLF5  siRNA  significantly  reduces  cell  viability  in  MCF1  OA  and  BT20  as  determined  by  the 
SRB  assay.  **,  p  <  0.001  (f  test).  C,  knockdown  of  MKP-1  induces  the  PARP  and  caspase  3  cleavage  in  both  MCF1  OA 
and  BT20  cell  lines  compared  with  the  Lucsi  negative  control  and  the  KLF5si  positive  control.  D,  the  MKP-1  siRNA 
significantly  reduces  cell  viability  in  MCF10A  and  BT20  compared  with  the  Lucsi  negative  control  and  the  KLF5si 
positive  control.  Data  are  presented  as  the  mean  ±  S.D.  {error  bars)  from  three  independent  experiments. 
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FIGURE  2.  MKP-1  partially  rescues  the  KLF5  knockdown-induced  apoptosis  in  MCF1 0A.  A,  overexpression 
of  either  WT  MKP-1  or  the  catalytically  inactive  MKP-1 C258S  mutant  decreases  the  KLF5  siRNA-induced  PARP  and 
caspase  3  cleavage.  MCF10A  cell  populations  stably  expressing  LacZ,  MKP-1,  or  MKP-1 C258S  were  transfected 
with  Lucsi  or  KLF5si  for  4  days.  The  apoptosis  markers  including  cleaved  PARP  and  caspase  3  were  measured  by 
immunoblotting.  B,  overexpression  of  MKP-1  or  MKP-1 C258S  significantly  decreases  the  KLF5  knockdown 
induced  loss  of  cell  viability  as  shown  by  the  SRB  assay.  *,  p  <  0.05  (f  test).  Data  are  presented  as  the  mean  ±  S.D. 
{error  bars )  from  three  independent  experiments. 


SRB  assay  and  Annexin  V  levels  by  flow  cytometry.  Consistent 
with  Western  blot  results,  I<LF5si  significantly  decreases  cell 
viability  (Fig.  IB)  and  increases  Annexin  V  staining  (data  not 
shown)  in  both  MCF10A  and  BT20.  Interestingly,  the  protein 
expression  levels  of  a  potential  KLF5  downstream  gene,  the 
pro-survival  phosphatase  MKP-1,  are  decreased  by  I<LF5si  in 
both  cell  lines  (Fig.  L4). 

To  test  if  MKP-1  indeed  promotes  breast  cell  survival,  we 
knocked  down  MKP-1  by  a  pre-designed  anti-MKP-1  siRNA  in 


both  MCF10A  and  BT20  and  exam¬ 
ined  apoptosis.  As  expected,  knock¬ 
down  of  MKP-1  also  induces  the 
cleavage  of  both  PARP  and  caspase  3 
and  the  decrease  of  cell  viability  like 
knockdown  of  KLF5  in  both 
MCF10A  and  BT20  (Fig.  1,  CandD). 

KLF5  Promotes  Cell  Survival  Par¬ 
tially  through  MKP-1 — Because 
silence  of  KLF5  induces  apoptosis 
and  down-regulates  the  expression 
of  the  pro-survival  MKP-1  protein 
in  breast  cells,  we  wondered  if  KLF5 
functions  partially  through  MKP-1. 
We  performed  a  rescue  experiment 
in  MCF10A  to  determine  whether 
MKP-1  overexpression  can  block 
the  I<LF5si-induced  apoptosis.  The 
wild-type  (WT)  MKP-1,  the  catalyt¬ 
ically  inactive  mutant  MKP-1C258S 
(32),  and  the  lacZ  control  genes 
were  forced  overexpressed  in 
MCF10A  populations,  respectively, 
by  lentiviruses  (Fig.  2A).  In  line  with 
our  previous  observation,  I<LF5si 
decreases  the  MKP-1  protein  level 
and  induces  apoptosis,  indicated  by 
cleavage  of  PARP  and  caspase  3  and 
loss  of  cell  viability,  in  the  control 
LacZ  overexpressing  cells.  As 
expected,  forced  overexpression  of 
WT  MKP-1  clearly  decreases  the 
pERK  levels  and  I<LF5si-induced 
apoptosis  (Fig.  2).  Similar  results 
were  obtained  from  two  stable 
MKP-1  overexpressing  MCF10A 
clones  (data  not  shown).  Unexpect¬ 
edly,  overexpression  of  the  catalyti¬ 
cally  inactive  mutant  MKP-1C258S 
also  blocks  the  I<LF5si-induced  apo¬ 
ptosis  as  efficiently  as  WT  MKP-1. 
As  a  dominant  negative  MKP-1 
mutant,  MI<P-1C258S  increases  the 
pERK  levels  (Fig.  2A).  Consistently, 
the  expression  level  of  MI<P-1C258S 
is  higher  than  that  of  WT  MKP-1 
presumably  because  a  high  level  of 
pERK  stabilizes  the  MKP-1  protein 
(see  below  in  detail).  These  findings 
suggest  that  overexpression  of  MKP-1  can  partially  rescue  the 
I<LF5si-induced  apoptosis  in  MCF10A. 

MKP-1  Expression  Is  Positively  Regulated  by  KLFS  at  the  Pro¬ 
tein  Level  but  Not  at  the  mRNA  Level  in  Breast  Cells— KLF5  is  a 
well  established  transcriptional  factor  regulating  transcription 
of  a  number  of  genes.  To  test  whether  MKP-1  is  a  KLF5  direct 
transcriptional  target,  we  examined  MKP-1  expression  at  the 
protein  level  by  Western  blot  and  the  mRNA  level  by  semi- 
quantitative  reverse  transcriptase-PCR  after  knocking  down 
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FIGURE  3.  KLF5  up-regulates  the  MKP-1  expression  at  the  protein  level 

but  not  at  the  mRNA  level.  KLF5  siRNA  decreases  the  MKP-1  protein  levels  ( A ) 
but  not  mRNA  levels  ( B )  in  MCF10A  and  BT20  as  measured  by  immunoblot- 
ting  and  semi-quantitative  reverse  transcriptase-PCR,  respectively.  Lucsi  was 
used  as  a  negative  control.  /3-Actin  served  as  the  input  control.  KLF5  overex¬ 
pression  by  adenoviruses  increases  the  MKP-1  protein  levels  (C)  but  not 
mRNA  levels  (D)  in  Fls578T  and  MCF7  breast  cancer  cells.  The  gfp  adenovirus 
was  used  as  a  negative  control.  The  normalized  band  intensities  are  shown 
below  each  lane  (the  negative  controls  are  defined  as  1).  GFP,  green  fluores¬ 
cent  protein. 


and  overexpressing  KLF5.  To  our  surprise,  I<LF5si  decreases 
MKP-1  expression  at  the  protein  level  but  not  at  the  mRNA 
level  in  both  MCF10A  and  BT20  cell  lines  (Fig.  3,  A  and  B). 
Additionally,  KLF5  overexpression  increases  the  expression  of 
MKP-1  at  the  protein  level  but  not  at  the  mRNA  level  in  both 
Hs578T  and  MCF7  (Fig.  3,  C  and  D).  Finally,  we  found  that 
KLF5  cannot  activate  the  MKP-1  promoter  in  MCF7  by  dual 
luciferase  reporter  assays  (data  not  shown).  These  results  sug¬ 
gest  that  MKP-1  is  not  a  KLF5  direct  transcription  target  gene 
in  breast  cells. 

MKP-1  is  a  short-lived  protein  (the  half-life  is  about  45  min 
in  fibroblasts)  degraded  through  the  ubiquitin  proteasome 
pathway  (25).  To  investigate  whether  KLF5  regulates  MKP-1 
protein  stability,  we  performed  CHX  chase  assays  and  found 
that  KLF5  knockdown  in  MCF10A  cells  decreases  the  endoge¬ 
nous  MKP-1  protein  half-life  (Fig.  4,  A  and  B).  Consistently, 
KLF5  overexpression  clearly  increases  the  MKP-1  protein  half- 
life  in  Hs578T  (Fig.  4,  C  and  D).  These  results  suggest  that  KLF5 
decreases  MKP-1  protein  degradation  in  breast  cells. 

KLFS  Increases  MKP-1  Protein  Stability  through  the  pERK- 
mediated  MKP-1  Phosphorylation — The  proteasomal  degrada¬ 
tion  of  MKP-1  has  been  demonstrated  to  be  inhibited  by  pERK- 
mediated  MKP-1  phosphorylation  at  Ser-359  and  Ser-364 
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FIGURE  4.  KLF5  increases  the  MKP-1  protein  stability  in  breast  cells.  A  and  B,  knockdown  of  KLF5  decreases  the  protein  half-life  for  MKP-1  in  MCF10A  as 
determined  by  theCFIX  (50  jutg/ml)  chase  assay.  The  band  intensities  were  quantified  using  densitometry.  Cand  D,  overexpression  of  KLF5  increases  the  half-life 
of  the  MKP-1  protein  in  Fls578T  as  determined  by  the  CFIX  chase  assay.  The  cells  were  infected  with  Ad -KLF5/gfp  and  Ad  -gfp  control  adenoviruses,  respectively. 
GFP,  green  fluorescent  protein. 
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FIGURE  5.  KLF5  increases  MKP-1  protein  stability  through  activating  the  ERK  signaling  in  breast  cells. 

A,  inhibition  of  ERK  but  not  JNK  and  p38  by  pharmacological  inhibitors  reduces  the  MKP-1  protein  level  in 
MCF10A.  The  cells  were  serum  starved  overnight  before  serum  stimulation  for  1  h.  Dimethyl  sulfoxide,  U0126 
(5  nM,  a  MEK  inhibitor),  SP600125  (20  nivi,  a  JNK  inhibitor),  and  SB203580  (20  nivi,  a  p38  inhibitor)  were  added 
separately  1  h  before  serum  stimulation.  B,  knockdown  of  KLF5  decreases  pERKactivation  and  MKP-1  induction 
by  serum.  MCF10A  cells  transfected  with  KLF5  siRNA  and  luciferase  siRNA  were  serum  starved  overnight  and 
cultured  in  serum-containing  media  for  the  indicated  time.  C,  either  inhibition  of  pERK  by  U01 26  or  knockdown 
of  KLF5  clearly  reduce  the  pMKP-1 Ser~359  and  total  MKP-1  levels  in  MCF1 0A.  D,  the  activation  of  ERK  is  essential 
for  KLF5  to  up-regulate  the  pMKP-1 Ser'359  and  total  MKP-1  levels  in  Fls578T.  Fls578T  cells  were  infected  with 
Ad-KLF5/gfp  and  Ad -gfp  control  adenoviruses,  respectively.  The  cells  were  treated  with  either  dimethyl  sulfox¬ 
ide  or  U0126  (5  nM)  as  indicated.  E,  constitutively  activated  MEK1  (V5  tagged)  rescues  KLF5  knockdown-in¬ 
duced  down-regulation  of  pMKP-1 Ser~359  and  total  MKP-1 .  The  total  ERK  level  serves  as  the  loading  control.  GFP, 
green  fluorescent  protein. 


residues  (25).  Additionally,  the  SCFSKP2  E3  ubiquitin  ligase  has 
been  suggested  to  promote  MKP-1  ubiquitin-mediated  degra¬ 
dation  (26).  We  first  found  that  KLF5si  does  not  increase  the 
SKP2  expression  levels  in  MCF10A  and  BT20  (data  not  shown). 
Then,  we  determined  whether  KLF5  stabilizes  MKP-1  via 
pERK-mediated  MKP-1  phosphorylation  because  KLF5 
up-regulates  the  pERK  levels  in  TSU-Prl  (3)  and  I<LF5si 
decreases  the  pERK  levels  in  MCF10A  (Fig.  2 A).  Indeed,  inhi¬ 
bition  of  pERK,  but  not  JNK  and  p38,  by  pharmacological  inhib¬ 
itors  dramatically  decreases  the  MKP-1  protein  level  in 
MCF10A  (Fig.  5 A).  Consistently,  I<LF5si  reduces  the  serum- 
induced  pERK  and  MKP-1  levels  in  MCF10A  (Fig.  SB).  Further¬ 
more,  we  demonstrated  that  both  the  MEK  inhibitor  U0126 
and  I<LF5si  dramatically  decrease  pERK  levels  and  MKP-1 
phosphorylation  at  Ser-359  by  using  an  antibody  that  specifi¬ 
cally  recognizes  the  pMKP-1 Ser"359  (Fig.  5C).  Additionally,  we 
found  that  KLF5  overexpression  up-regulates  pERK,  pMKP- 
lser-359,  and  tQtal  MKP_!  levels  ^  Hs578T.  When  pERK  is 
inhibited  by  U0126,  KLF5  overexpression  fails  to  increase  the 
levels  of  pMI<P-lSer'359  and  total  MKP-1  in  Hs578T  (Fig.  5 D). 
Finally,  the  constitutive  activation  of  ERK  by  overexpression  of 
constitutively  activated  MEK1  can  completely  rescue  the 
I<LF5si-induced  pMKP-lSer'359  and  total  MKP-1  down-regula¬ 
tion  in  MCF10A  (Fig.  5 E).  These  results  strongly  suggest  that 
KLF5  stabilizes  MKP-1  through  activation  of  ERK. 

To  further  confirm  that  phosphorylation  of  MKP-1  at  Ser- 
359/Ser-364  is  essential  for  I<LF5-mediated  MKP-1  protein  sta¬ 
bilization,  we  generated  a  MKP-1  mutant  in  which  both  Ser- 
359  and  Ser-364  residues  were  replaced  with  Ala.  As  shown  in 


Fig.  6,  A  and  B ,  WT  MKP-1  can  be 
stabilized  by  KLF5  overexpression 
in  HEK293T  cells.  However,  the 
MKP-1S359A/S364A  mutant  cannot 
be  stabilized  by  KLF5  under  the 
same  conditions.  Consistently,  the 
mutant  MKP-1  shows  a  shorter 
half-life  than  WT  MKP-1  presum¬ 
ably  due  to  lack  of  phosphorylation 
at  Ser-359  and  Ser-364  by  pERK 
(Fig.  6,  C  and  D ).  The  degradation  of 
MKP-1S359A/S364A  is  still  through 
proteasome  because  the  protea- 
some  inhibitor  MG  132  can  dramat¬ 
ically  protect  it  from  degradation  in 
HEK293T  cells  (Fig.  6 E). 

A  recent  study  in  our  laboratory 
showed  that  KLF5  directly  regulates 
transcription  of  the  FGF-BP  in 
breast  cells.3  Because  FGF-BP  has 
been  reported  to  activate  ERK  sig¬ 
naling  (33),  we  hypothesized  that 
KLF5  up-regulates  the  pERK  level 
through  FGF-BP.  To  test  this 
hypothesis,  we  knocked  down  both 
KLF5  and  FGF-BP  individually  in 
MCF10A.  As  shown  in  Fig.  7 A, 
knockdown  of  either  KLF5  or 
FGF-BP  decreases  the  pERK, 
pMKP-lSer_359,  and  total  MKP-1  levels.  Additionally,  we  found 
that  KLF5  cannot  increase  the  MKP-1  protein  level  in  the  pres¬ 
ence  of  FGF-BP  siRNA  in  MCF7  (Fig.  75).  Thus,  KLF5  may 
activate  ERK-MKP-1  signaling  through  FGF-BP  in  breast  cells 
(Fig.  7Q. 

DISCUSSION 

Accumulated  evidence  suggests  that  KLF5  is  a  pro-survival 
factor.  First,  KLF5  has  been  shown  to  promote  leukemia  cell 
survival  through  directly  inducing  the  Survivin  gene  expression 
(9).  Second,  KLF5  was  reported  to  promote  cell  survival  by 
directly  promoting  the  survival  kinase  Piml  expression  in  the 
HCT116  colon  cancer  cell  line  (10).  In  addition,  KLF5  promotes 
HeLa  and  NIH-3T3  cell  survival  from  tumor  necrosis  factor- a 
through  interacting  with  PARP1  (11).  Finally,  the  cardiovascu¬ 
lar  apoptosis  is  significantly  increased  in  KLFS  heterozygous 
knock-out  mice  (11).  High  expression  levels  of  KLFS  mRNA 
have  been  shown  to  be  a  prognostic  factor  for  shorter  disease- 
free  survival  and  overall  survival  in  patients  with  breast  cancer 
(4).  Our  previous  studies  suggest  that  KLF5  is  expressed  in 
immortalized  breast  epithelial  cell  lines  and  a  subset  of  estrogen 
receptor  negative  breast  cancer  cell  lines  (27,  30). 3  However, 
the  role  of  KLF5  and  the  mechanism  by  which  KLF5  functions 
in  the  breast  have  not  been  well  studied. 

In  this  study,  we  showed  that  KLF5  promotes  breast  cell  sur¬ 
vival  through  the  FGF-BP-pERK-MI<P-l  signaling  axis.  First, 
we  demonstrated  that  depletion  of  endogenous  KLF5  or 
MKP-1  in  two  breast  cell  lines,  MCF10A  and  BT20,  induces 
apoptosis  (Fig.  1).  Next,  we  found  that  KLF5  maintains  and 
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FIGURE  6.  KLF5  stabilizes  WT  MKP-1  but  not  the  MKP-1 S359A/S364A  mutant.  A  and  B,  KLF5  increases  the  WT  MKP-1  protein  stability  as  determined  by  the  CFIX 
chase  assay.  HEK  293T  cells  (the  endogenous  KLF5  and  MKP-1  expression  levels  are  low)  were  transfected  with  MKP-1  and  KLF5  expressing  constructs.  The  CFIX 
chase  assay  was  performed  2  days  after  the  transfection.  The  band  intensities  were  quantified  using  densitometry.  C  and  D,  MKP-1 S359A/S364A  js  less  stable  than 
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protein  levels  in  FIEK293T  cells.  GST,  glutathione  S-transferase. 


increases  the  pro-survival  phosphatase  MKP-1  protein  levels  in 
breast  cells  (Figs.  1-3).  Following  that,  we  demonstrated  that 
MKP-1  can  partially  rescue  KLF5  knockdown-induced  apopto¬ 
sis  in  MCF10A  (Fig.  2).  Furthermore,  we  characterized  the 
mechanism  by  which  KLF5  up-regulates  MKP-1  in  breast  cells 
and  found  that  KLF5  decreases  MKP-1  protein  degradation  via 
pERK-mediated  MKP-1  phosphorylation  (Figs.  4-6).  Finally, 
we  showed  that  KLF5  activates  ERI<  signaling  through  its  direct 
target  gene  FGF-BP  (Fig.  7). 

Multiple  lines  of  evidence  suggests  that  KLF5  up-regulates 
MKP-1  expression  through  activating  the  ERI<  signaling.  First, 
KLF5  does  not  directly  regulate  the  MKP-1  gene  at  the  tran¬ 
scriptional  level  (Fig.  3).  Second,  KFF5  increases  MKP-1  pro¬ 
tein  stability  (Fig.  4).  Third,  KFF5  maintains  and  increases 
pERK  levels  in  multiple  breast  cell  lines,  and  pERK  is  sufficient 


and  essential  for  KFF5-mediated  MKP-1  stabilization  (Figs.  2 
and  5).  Additionally,  we  confirmed  that  the  pMKP-lSer"359  is 
regulated  by  KFF5-FGF-BP-pERK  signaling  (Figs.  5  and  7).  Fur¬ 
thermore,  the  mutation  of  two  key  pERK  phosphorylation  sites 
(S359A/S364A)  in  MKP-1  abrogates  KLF5-mediated  MKP-1 
stabilization  (Fig.  6).  These  findings  strongly  suggest  that  KFF5 
up-regulates  MKP-1  via  pERK-mediated  MKP-1  protein  phos¬ 
phorylation  and  stabilization  (Fig.  7C). 

As  described  in  the  Introduction,  pERK  can  increase  MKP-1 
expression  at  both  transcriptional  and  post-translational  levels 
(23-26).  Indeed,  we  found  that  KFF5  increases  the  MKP-1 
mRNA  levels  in  TSU-Prl  (3).  However,  MKP-1  mRNA  levels 
are  not  regulated  by  KFF5  in  tested  breast  cell  lines.  It  is  possible 
that  the  signaling  transduction  from  pERK  to  MKP-1  transcrip¬ 
tion  is  inactive  in  breast  cells.  The  phosphorylation  mediated 
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protein  stabilization  is  the  primary  mechanism  by  which  pERK 
increases  MKP-1  expression  in  breast  cells. 

To  understand  the  mechanism  by  which  KLF5  up-regulates 
ERK  signaling,  we  tested  the  possibility  that  KLF5  up-regulates 
epidermal  growth  factor  receptor,  a  known  KLF5  target  gene  in 
squamous  epithelial  cells  (34)  and  a  well  known  receptor  tyro¬ 
sine  kinase  activating  ERK.  However,  we  did  not  detect  any 
changes  of  epidermal  growth  factor  receptor  expression  when 
KLF5  is  knocked  down  in  MCF10A  (data  not  shown).  A  recent 
study  in  our  laboratory  indicated  that  KLF5  directly  controls 
transcription  of  the  FGF-BP  gene  in  breast  cells.3  FGF-BP  is  a 
secreted  protein  that  can  bind  to  fibroblast  growth  factors  and 
promote  FGF  receptor-mediated  ERK  activation  (33).  We  sub¬ 
sequently  tested  if  FGF-BP  mediates  ERK  activation  and  MKP-1 
stabilization  by  KLF5.  As  expected,  knockdown  of  either  KLF5  or 
FGF-BP  dramatically  decreases  the  pERK,  pMI<P-l Ser_359,  and 
total  MKP-1  levels  in  MCF10A  (Fig.  7 A).  Furthermore,  knock¬ 
down  of  FGF-BP  abrogates  the  KLF5  overexpression  induced  up- 
regulation  of  pERK,  pMI<P-lSer_359,  and  total  MKP-1  in  MCF7 
(Fig.  7B).  These  findings  support  the  KLF5-FGF-BP-pERI<- 
MKP-1  linear  model  proposed  in  Fig.  7 C  although  it  may  be  over¬ 
simplified  under  physiological  conditions. 

A  surprising  finding  of  this  study  is  that  MKP-1  can  promote 
MCF10A  cell  survival  in  a  phosphatase  activity  independent 
manner  (Fig.  2).  It  has  been  reported  that  the  phosphatase 
activity  is  essential  for  the  anti-apoptotic  function  of  MKP-1 
after  UV  treatment  in  human  fibroblasts  (35).  Because  MKP-1 
can  de-phosphorylate  multiple  MAPKs,  including  ERK,  JNK, 
and  p38,  overexpression  of  the  catalytically  inactive  MKP- 
lC258s  mutant  may  increase  multiple  MAPKs  at  the  same  time. 
Indeed,  we  found  that  the  pERK  levels  are  dramatically 
increased  in  the  MI<P-1C258S  overexpressing  MCF10A  cells  due 
to  the  lack  of  negative  feedback  control  (Fig.  2 A).  Because  the 
balance  between  the  pro-survival  pERK  level  and  the  pro-apo- 
ptosis  pJNI</pp38  levels  determines  whether  cells  will  live  or 
die  (16),  it  is  possible  that  the  elevated  pERK  levels  contribute  to 
the  pro-survival  function  of  MI<P-1C258S  in  MCF10A. 

Besides  MKP-1,  KLF5  may  promote  breast  cell  survival 
through  other  downstream  genes  and  pathways  because 
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MKP-1  can  only  partially  rescue 
KLF5  depletion-induced  apoptosis 
in  MCF10A  (Fig.  2).  Other  signal 
pathways  may  contribute  to  the 
function  of  KLF5  on  cell  survival  as 
well.  For  example,  KLF5  has  been 
shown  to  increase  the  pAKT  levels 
in  TSU-Prl  (3).  AI<T  has  been  well 
documented  to  promote  cell  sur¬ 
vival  through  blocking  the  activa¬ 
tion  of  pro-apoptotic  proteins  (12). 
Indeed,  we  confirmed  that  both 
KLF5  and  FGF-BP  inhibition 
decreases  the  pAKT  levels  in 
MCF10A  (data  not  shown).  Thus,  it 
is  most  likely  that  KLF5  promotes 
breast  cell  survival  through  multiple 
pathways,  including  FGF-BP- 
pERI<-MKP-l  and  FGF-BP-pAKT. 
Besides  FGF-BP,  we  cannot  completely  exclude  that  KLF5  up- 
regulates  the  pERK  level  and  breast  cell  survival  through  other 
target  genes  such  as  SURVIVIN  and  PIM1  and  other  mecha¬ 
nisms,  such  as  interaction  with  PARP1. 

In  summary,  we  showed  that  KLF5  is  a  pro-survival  tran¬ 
scription  factor  in  breast  cells.  KLF5  functions  partially  through 
pERK-mediated  MKP-1  protein  phosphorylation  and  stabiliza¬ 
tion.  Finally,  we  found  that  KLF5  may  up-regulate  the  pERK 
levels  through  the  direct  target  gene  FGF-BP  in  breast  cells.  The 
KLF5-FGF-BP-pERK-MI<P-l  signaling  axis  may  provide  new 
therapeutic  targets  for  invasive  breast  cancer. 
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The  Fbw7  Tumor  Suppressor  Targets  KLF5  for 
Ubiquitin-Mediated  Degradation  and  Suppresses  Breast 
Cell  Proliferation 

Dong  Zhao,  Han-Qiu  Zheng,  Zhongmei  Zhou,  and  Ceshi  Chen 


Abstract 

Fbw7  is  a  tumor  suppressor  frequently  inactivated  in  cancers.  The  KLF5  transcription  factor  promotes 
breast  cell  proliferation  and  tumorigenesis  through  upregulating  FGF-BP.  The  KLF5  protein  degrades  rapidly 
through  the  ubiquitin  proteasome  pathway.  Here,  we  show  that  the  Skpl-CUL1-Fbw7  E3  ubiquitin  ligase  com¬ 
plex  (SCFFbw7)  targets  KLF5  for  ubiquitin-mediated  degradation  in  a  GSK3 (3 -mediated  KLF5  phosphorylation- 
dependent  manner.  Mutation  of  the  critical  S303  residue  in  the  KLF5  Cdc4  phospho-degrons  motif  (303SPPSS) 
abolishes  the  protein  interaction,  ubiquitination,  and  degradation  by  Fbw7.  Inactivation  of  endogenous  Fbw7 
remarkably  increases  the  endogenous  KLF5  protein  abundances.  Endogenous  Fbw7  suppresses  the  FGF-BP 
gene  expression  and  breast  cell  proliferation  through  targeting  KLF5  for  degradation.  These  findings  suggest 
that  Fbw7  inhibits  breast  cell  proliferation  at  least  partially  through  targeting  KLF5  for  proteolysis.  This  new 
regulatory  mechanism  of  KLF5  degradation  may  result  in  useful  diagnostic  and  therapeutic  targets  for  breast 
cancer  and  other  cancers.  Cancer  Res;  70(11);  4728-38.  ©2010  AACR. 


Introduction 

The  F-box  and  WD40  repeat  domain-containing  7  (Fbw7/ 
Cdc4)  protein  is  a  bona  fide  tumor  suppressor  inhibiting  cell  di¬ 
vision  and  growth  (1).  Fbw7  is  inactivated  in  numerous  human 
malignances,  including  breast  cancer  by  gene  mutation  (2-4) 
and  expression  downregulation  (5,  6).  Fbw7  is  an  F-box  protein 
that  recruits  substrates  for  the  sCFFbw7  (a  complex  of  Skpl, 
CLJL1,  and  F-box  proteins)  E3  ubiquitin  ligase.  sCFFbw7  degrades 
several  well-known  oncoproteins,  including  MYC  (7, 8),  Cyclin  E 
(4,  9),  Notch  (10),  c-Jun  (11),  and  mammalian  target  of  rapamy- 
cin  (12, 13).  All  Fbw7  substrates  contain  at  least  one  conserved 
Cdc4  phospho-degrons  (CPD)  sequence  (T/S)PXX(S/T/E)  in 
which  the  T/S  residue  can  be  phosphorylated  by  GSK3  (1). 

The  KLF5  transcription  factor  has  been  shown  to  play  im¬ 
portant  roles  in  cancer  (14).  Accumulated  evidence  suggests 
that  KLF5  promotes  fibroblast,  colon,  bladder,  and  breast  cell 
proliferation  (15-17).  KLF5  is  highly  expressed  in  estrogen 
receptor  (ER)a-negative  basal-type  breast  cancer  and  is  an 
unfavorable  prognostic  biomarker  correlated  with  shorter 
survival  for  breast  cancer  patients  (18,  19).  Our  previous 
studies  suggest  that  KLF5  promotes  breast  cell  proliferation 
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through  directly  upregulating  the  FGF-BP  gene  transcription 
(17).  More  recently,  inhibition  of  KLF5  by  small  interfering 
RNA  (siRNA)  using  nanoparticles  has  been  shown  to  efficiently 
inhibit  tumor  growth  in  vivo  (20).  These  findings  define  KLF5 
as  an  oncogenic  transcription  factor  and  a  potential  therapeu¬ 
tic  target  for  invasive  breast  cancer  and  other  cancers. 

KLF5  is  an  unstable  protein  with  a  short  half-life  (21). 
KLF5  can  be  degraded  through  the  ubiquitin-dependent 
and  ubiquitin-independent  mechanisms  (21,  22).  Previously, 
we  showed  that  the  major  KLF5  TAD  contains  destruction 
motifs  (degrons)  that  recruit  E3  ligases  for  KLF5  ubiquitina¬ 
tion  and  degradation  (21).  Besides  the  PY  (325PPSY)  motif 
that  recruits  WWP1  (23),  we  noticed  that  the  KLF5  TAD  also 
contains  two  putative  evolution-conserved  CPD  motifs 
(303SPPSS  and  323TPPPS)  that  could  recruit  Fbw7  containing 
E3  ligase  complex  SCFFbw7.  Given  the  significant  roles  of 
Fbw7  and  KLF5  in  human  cancers,  it  is  important  to  know 
whether  Fbw7  promotes  KLF5  degradation. 

In  this  article,  we  show  that  Fbw7  targets  KLF5  for  ubiqui¬ 
tin-mediated  proteasomal  degradation.  We  show  that  the 
GSK3(3  kinase  is  involved  in  the  KLF5  S303  phosphorylation 
that  is  required  for  Fbw7-mediated  KLF5  degradation.  Impor¬ 
tantly,  we  found  that  Fbw7  suppresses  breast  cell  proliferation 
at  least  partially  through  promoting  KLF5  proteolysis.  These 
findings  help  us  understand  the  regulatory  mechanism  of 
KLF5  in  human  cancer. 

Materials  and  Methods 

Antibodies  and  reagents 

The  rabbit  polyclonal  anti-KLF5  and  anti-WWPl  antibodies 
(Ab)  are  kindly  provided  by  Dr.  J.T.  Dong  (Emory  University, 
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Atlanta,  GA).  The  anti-[3-actin,  anti-FLAG,  and  anti¬ 
glutathione  S-transferase  Abs  are  from  Sigma.  The  anti- 
glyceraldehyde-3-phosphate  dehydrogenase  Ab  is  from  Cell 
Signaling.  The  anti-MYC  9E10,  anti-HA,  anti-Ub,  and  anti- 
ERa  Abs  are  from  Santa  Cruz  Biotechnology.  The  anti- 
FGF-BP  and  goat  anti-KLF5  Abs  are  from  R&D  Systems. 
The  rabbit  polyclonal  anti-KLF5  pS303  Ab  was  generated 
using  the  keyhole  limpet  hemocyanin-conjugated  peptide 
“FLPQQA TYFPPS(p303 )PPST  (Panora  Biotech).  The  sera  were 
collected  and  affinity  purified.  The  Ab  was  diluted  with 
1:10,000  in  3%  bovine  serum  albumin  (BSA)  for  Western 
blotting.  Calf  intestinal  alkaline  phosphatase  (CIP;  20  U/pL) 
is  from  Promega. 

Cell  culture  and  transfection 

Wild-type  (WT)  and  Fbw7  null  DLD1  cells  (kindly  provided 
by  Drs.  B.  Vogelstein  and  K.W.  Kinzler,  Johns  Hopkins  Uni¬ 
versity,  Baltimore,  MD)  were  cultured  in  McCOY'S  5A  supple¬ 
mented  with  10%  fetal  bovine  serum  (FBS).  SUM149  was 
cultured  in  Ham's  F-12  supplemented  with  5%  FBS,  5  pg/mL 
insulin,  and  1  pg/mL  hydrocortisone.  All  transient  transfec¬ 
tions  for  plasmids  and  siRNAs  were  performed  using 
Lipofectamine  2000  (Invitrogen).  All  chemically  synthesized 
siRNAs  were  purchased  from  Ambion  and  transfected  at  10 
nmol/L  final  concentration.  The  siRNA  target  sequences  are 
provided  in  Supplementary  Table  SI. 

Expression  plasmids 

The  pcDNA3  plasmids  expressing  WT  KLF5,  A 323-248, 
A299-348,  and  A321-328  have  been  described  in  our  previous 
study  (21).  The  KLF5-S303A,  KLF5-S307A,  KLF5-T323A,  and 
KLF5-T323A/T327A  were  generated  using  the  PCR-directed 
mutagenesis  method.  Three  FLAG  tags  were  added  to  the 
COOH-terminus  of  KLF5  and  its  mutants.  All  FLAG-  and 
MYC-tagged  WT  and  mutant  Fbw7  plasmids  are  kindly 
provided  by  Dr.  B.E.  Clurman  (Fred  Hutchinson  Cancer 
Research  Center,  Seattle,  WA).  The  Fbw7 -y  and  Fbw7-ry-F 
genes  were  amplified  and  subcloned  into  the  pLenti6  vector. 

Quantitative  reverse  transcrip tion-PCR  assays 

Total  RNA  was  isolated  from  cells  using  the  Trizol  reagent 
(Invitrogen)  and  subjected  to  reverse  transcription  with  ran¬ 
dom  hexanucleotide  primers  using  the  iScript  cDNA  Synthe¬ 
sis  kit  (Bio-Rad).  Quantitative  real-time  PCR  was  performed 
on  the  ABI-7300  system,  using  Roche  FastStart  SYBR  Green 
Master  containing  Rox  (Roche  Diagnostics).  The  primer 
sequences  used  in  this  study  are  listed  in  Supplementary 
Table  S2. 

Immunofluorescence  staining 

HEK293FT  cells  (5  x  104)  were  plated  on  a  gelatin-coated 
glass  slide.  The  cells  were  transfected  with  KLF5  and  FLAG- 
tagged  Fbw7  isoforms,  respectively.  Two  days  after  transfec¬ 
tion,  the  cells  were  treated  with  10  pmol/L  MG132  for 
4  hours  and  then  were  fixed  using  4%  paraformaldehyde  at 
4°C  overnight.  The  slides  were  washed  with  PBS  and  permea- 
lized  by  0.2%  Triton  X-100  in  PBS  for  5  minutes.  The  cells 
were  then  quenched  with  50  mmol/L  NH4C1  for  5  minutes 


and  blocked  with  10%  goat  serum  for  1  hour  at  room  tem¬ 
perature.  The  anti-KLF5  Ab  (1:100)  and  anti-FLAG  M2  mouse 
monoclonal  Ab  (1:300)  were  diluted  with  0.1%  BSA  to  stain 
the  cells  at  4°C  overnight.  The  slides  were  washed  and  incu¬ 
bated  with  secondary  Abs  [rhodamine  goat  anti-rabbit  Ab 
from  Jackson  ImmunoResearch  (1:150)  and  Alexa-488  goat 
anti-mouse  from  Molecular  Probes  (1:150)]  in  5%  goat  serum 
for  1  hour  at  room  temperature.  Fluorescent  images  were 
captured  using  an  Olympus  BX-61  microscopy  at  total  x400 
magnification. 

Protein  ubiquitination  assays 

The  in  vitro  ubiquitination  assay  is  performed  using  an 
ubiquitination  kit  from  Enzo  Life  Science.  The  3xFLAG- 
tagged  KLF5  and  KLF5-S303A  substrate  proteins  were  puri¬ 
fied  from  HEK293FT  cells  using  immunoprecipitation  (IP) 
with  FLAG  M2  beads.  The  KLF5  proteins  were  eluted  by 
using  3x  Flag  peptide  (100  pg/mL;  Sigma).  Similarly,  the 
SCFFbw7  E3  compiexes  were  purified  from  HEK293FT  cells 
using  IP.  Myc-CULl,  Rbxl,  Skpl,  and  FLAG-Fbw7y/-F/ 
R338L  were  cotransfected.  The  reaction  was  performed  with 
0.75  pL  El,  1.5  pL  E2  (UbcH5c),  0.75  pL  Mg-ATP  buffer,  1.5  pL 
lOx  ubiquitination  buffer,  0.75  pL  Ub,  0.75  pL  ubiquitin  aide- 
hyde,  2  |d.  KLF5,  2  fiL  E3  (SCFFbw7  or  its  mutants),  and  H20  in 
a  15  pL  volume  at  30°C  for  1  hour.  The  ubiquitinated  KLF5  pro¬ 
teins  were  detected  by  Western  blotting.  The  KLF5  ubiquitina¬ 
tion  assay  in  cells  has  been  described  in  our  previous  study  (23). 

In  vitro  kinase  assays 

FLAG-tagged  KLF5  and  its  mutants  (S303A  and  S307A) 
were  purified  by  IP.  The  KLF5  proteins  (5  pL)  were  incubated 
with  and  without  0.4  pL  active  GSK3[3  enzyme  (New  England 
Biolabs),  2  pL  lOx  reaction  buffer,  0.4  pL  10  mmol/L  ATP, 
0.2  pL  y-32P-ATP  (25Ci/mmol,  MP  Biomedicals),  and  H20 
up  to  20  pL.  The  mixtures  were  incubated  for  1  hour  at  30°C 
and  subjected  to  SDS-PAGE  and  autoradiography. 

Results 

Fbw7  interacts  with  KLF5 

To  test  if  all  Fbw7  isoforms  (a,  (3,  and  y)  interact  with 
KLF5,  we  cotransfected  FLAG-Fbw7  and  FLAG-Fbw7-F 
(without  the  intact  F-box  that  interacts  with  Skpl;  ref.  7) 
with  KLF5  into  HEK293FT  cells.  The  cells  were  treated  with 
the  MG  132  proteasome  inhibitor  to  protect  the  KLF5  protein 
from  degradation  by  Fbw7.  We  performed  IP  with  the  anti- 
FLAG  Ab  and  found  that  all  (a,  (3,  and  y)  WT  and  -F  Fbw7 
proteins  interact  with  the  KLF5  protein  (Fig.  1A).  These 
results  indicate  that  all  Fbw7  isoforms  interact  with  KLF5 
in  an  F-box-independent  manner. 

To  further  test  if  the  Fbw7  WD40  repeats  are  responsible 
for  KLF5  binding,  we  cotransfected  FLAG-Fbw7-WD 
(8  WD40  repeats  only;  ref.  7)  with  KLF5  into  HEK293FT  cells 
and  performed  IP.  We  found  that  the  WD40  repeats  are  suf¬ 
ficient  for  KLF5  binding  (Fig.  1A).  When  the  key  R338  residue 
is  mutated  into  L  in  Fbw7y,  the  protein-protein  interaction  is 
dramatically  reduced  (Fig.  IB).  Thus,  the  WD40  repeats  are 
sufficient  and  necessary  for  KLF5  binding.  To  test  if  Fbw7 
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KLF5  protein  level  because  it  may  function  as  a  dominant-negative  mutant  of  Fbw7.  D,  the  subcellular  localization  of  KLF5  and  FLAG-Fbw7  (a,  (3,  and  y)  in 
HEK293FT  cells,  as  determined  by  immunofluorescence.  The  cells  were  treated  with  MG132  to  prevent  KLF5  from  degradation  by  Fbw7. 
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binds  to  KLF5  CPD  motifs,  we  mapped  the  KLF5  CPD  motifs 
that  are  responsible  for  Fbw7  binding.  We  found  that  the 
S303A  mutation  in  the  first  CPD  motif  dramatically  decreases 
the  protein-protein  interaction  whereas  the  T323A  mutation 
in  the  second  CPD  motif  does  not  (Fig.  1C).  These  results  in¬ 
dicate  that  the  KLF5  CPD  motif  (303SPPSS)  is  responsible  for 
Fbw7  binding.  Additionally,  we  showed  that  the  endogenous 
KLF5  interacts  with  FLAG-Fbw7y-F  in  the  RWPE1  cells  (Fig.  1C). 

It  has  been  documented  that  Fbw7  a  and  y  are  in  the  nu¬ 
cleoplasm  and  nucleolus,  respectively,  in  U20S  cells  whereas 
Fbw7(3  is  in  the  cytoplasm  (1).  To  determine  whether  Fbw7 
isoforms  are  colocalized  with  KLF5,  we  cotransfected  FLAG- 
Fbw7  isoforms  and  KLF5  into  HEK293FT  cells  and  found  that 
Fbw7  a  and  y  are  localized  in  the  nucleus  whereas  Fbw7(3  is 
in  the  cytoplasm  by  immunofluorescence  staining  (Fig.  ID). 
As  expected,  KLF5  is  predominately  localized  in  the  nucleus, 
although  it  can  also  be  detected  in  the  cytoplasm  (Fig.  ID). 
The  colocalization  of  KLF5  and  Fbw7  a  and  y  is  obvious. 

Fbw7  over  expression  promotes  the  KLF5  protein 
proteasomal  degradation 

Next,  we  asked  whether  Fbw7  overexpression  decreases 
the  KLF5  protein  levels.  To  test  this,  we  first  cotransfected 
Fbw7y  and  Fbw7y-F  with  KLF5  into  HEK293FT  cells  and 
found  that  WT  Fbw7y  dramatically  reduces  the  KLF5  steady 
level  compared  with  the  empty  vector  and  Fbw7y-F  (Fig.  2A). 
MG  132  can  increase  the  KLF5  steady  level  in  the  presence  of 
Fbw7y  (Fig.  2A).  Similar  results  were  observed  for  Fbw7  a 
and  (3  (Supplementary  Fig.  S1A  and  C). 

To  further  evaluate  whether  Fbw7  promotes  KLF5  degrada¬ 
tion,  we  overexpressed  WT  Fbw7y  and  KLF5  into  HEK293FT 
cells  and  measured  the  KLF5  protein  half-lives  by  cyclohexi- 
mide  chase  assays.  We  found  that  Fbw7y  dramatically  reduces 
the  KLF5  half-life  compared  with  the  empty  vector,  Fbw7y-F, 
and  Fbw7y-R338L  (Fig.  2B).  The  Fbw7y-mediated  KLF5 
protein  half-life  decrease  is  completely  blocked  by  MG132 
(Fig.  2B).  Similarly,  Fbw7a  also  significantly  decreases  the 
KLF5  protein  half-life  in  HEK293FT  cells  (Supplementary 
Fig.  SIB). 

Because  the  KLF5-S303A  loses  the  protein  interaction  with 
Fbw7y  (Fig.  1C),  we  tested  the  KLF5-S303A  protein  degrada¬ 
tion  by  Fbw7.  Consequently,  the  KLF5-S303A  protein  half-life 
cannot  be  decreased  by  WT  Fbw7y  compared  with  the 
Fbw7y-F  mutant  in  HEK293FT  cells  (Fig.  2C).  In  contrast, 
mutation  and  deletion  of  the  other  CPD  motif  is  still  sensitive 
to  Fbw7y -mediated  degradation  (Supplementary  Fig.  S1E). 
These  results  clearly  suggest  that  the  CPD  (303SPPSS)  motif 
is  responsible  for  Fbw7y -mediated  KLF5  degradation. 

The  KLF5  S303  is  phosphorylated  by  GSK3(3 

KLF5-S303A  cannot  be  recognized  by  Fbw7  (Fig.  1C)  and 
cannot  be  degraded  by  Fbw7  (Fig.  2D).  To  further  investigate 
whether  the  phosphorylation  occurs  at  S303,  we  generated  a 
KLF5-S303  phosphorylation-specific  Ab  using  a  synthesized 
phosphorylated  peptide.  This  anti-KLF5  pS303  Ab  works  well 
for  Western  blotting  as  it  specifically  detects  the  phosphory¬ 
lated  KLF5  band  from  WT  KLF5  and  KLF5-S307A,  but  not 
KLF5-S303A  (Fig.  3A).  To  further  test  whether  the  KLF5 


phosphorylation  is  required  for  Fbw7  binding,  we  treated 
the  FLAG-Fbw7y  and  KLF5-transfected  HEK293FT  cell  lysate 
with  different  dosages  of  CIP  and  performed  IP.  We  con¬ 
firmed  that  the  CIP  treatment  almost  completely  eliminated 
the  KLF5  S303  phosphorylation  (Fig.  3A).  Importantly,  the 
binding  between  FLAG-Fbw7y  and  KLF5  is  significantly  re¬ 
duced  after  the  CIP  treatment  (Fig.  3A). 

It  is  well  known  that  GSK3(3  is  the  kinase  for  the  first  Ser/ 
Thr  in  the  CPD  motifs  of  several  Fbw7  substrates,  such  as 
MYC  (1).  To  test  if  the  KLF5  degradation  is  regulated  by 
GSK3(3  in  cultured  cells,  we  treated  HeLa  cells  with  the 
GSK3  inhibitor  LiCl  and  the  negative  control  KC1.  As  expected, 
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Figure  2.  Fbw7  promotes  proteasomal  degradation  of  the  KLF5  protein. 
A,  FLAG-Fbw7Y  decreases  the  steady  levels  of  KLF5  in  HEK293FT  cells, 
as  determined  by  Western  blotting.  An  empty  vector  and  FI_AG-Fbw7y-F 
were  used  as  controls.  B,  FI_AG-Fbw7y,  but  not  FI_AG-Fbw7y-F  and 
FI_AG-Fbw7y-R338L,  decreases  the  KLF5  protein  half-life  in  HEK293FT 
cells.  The  protein  half-lives  were  measured  by  cycloheximide  (CHX;  50 
pg/mL)  chase  assays  and  Western  blotting.  Glutathione  S-transferase 
was  used  as  a  transfection  control.  The  exposure  times  have  been 
adjusted  for  each  panel  to  compare  protein  degradation.  C,  KLF5-S303A 
is  resistant  to  FI_AG-Fbw7y-mediated  degradation. 
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Figure  3.  GSK3|B-mediated  KLF5  phosphorylation  at  S303  regulates  the  KLF5-Fbw7  protein  interaction  and  the  KLF5  protein  ubiquitination  and 
degradation.  A,  KLF5  phosphorylation  at  S303  regulates  the  KLF5-Fbw7  protein  interaction  and  the  KLF5  protein  degradation.  CIP  (100  units)  decreases 
the  S303  phosphorylation,  as  determined  by  Western  blotting  using  the  KLF5  pS303-specific  Ab.  The  Fbw7-KLF5  protein  interaction  was  disrupted  by  CIP. 
The  cell  lysate  (200  pL)  was  treated  with  different  dosages  of  CIP  (0,  100  U,  and  200  units)  for  1  h  at  30°C.  The  GSK3  inhibitor  LiCI  (20  mmol/L)  decreases 
the  endogenous  KLF5  phosphorylation  at  S303,  as  determined  by  IP-Western  blotting,  and  extends  the  KLF5  and  MYC  protein  half-lives  in  HeLa, 
as  determined  by  the  cycloheximide  chase  assay.  KCI  was  used  as  the  negative  control.  N.s.,  a  nonspecific  band.  B,  the  GSK3(3  kinase  efficiently 
phosphorylates  WT  KLF5  and  KLF5-S307A,  as  determined  by  the  in  vitro  kinase  assay  using  y-32P-ATP.  The  loading  of  the  KLF5,  KLF5-S303A,  and 
KLF5-S307A  proteins  is  shown  by  silver  staining.  C,  Fbw7y  increases  the  ubiquitination  of  KLF5  but  not  KLF5-S303A  in  HEK293FT  cells.  Expressing 
plasmids  for  HA-Ub,  Myc-Fbw7y,  Myc-Fbw7y-F,  and  KLF5-3  x  FLAG  were  transfected.  The  cells  were  treated  with  MG132  to  accumulate  the  ubiquitinated 
KLF5.  The  IP  was  performed  with  the  anti-FLAG  M2  beads  under  denaturing  conditions.  An  empty  vector  and  FLAG-Fbw7y-F  were  used  as  controls. 

D,  Fbw7y  ubiquitinates  KLF5  but  not  KLF5-S303A  in  vitro  using  its  E3  ligase  activity.  The  intact  SCFFbw7  E3  ligase  complex  was  specifically  purified  by  IP 
using  the  anti-FLAG  M2  beads.  FLAG-Fbw7y-F  and  FLAG-Fbw7y-R338L  cannot  ubiquitinate  KLF5  under  the  same  conditions. 


LiCI  decreases  the  KLF5  pS303  levels  (Fig.  3A)  and  extends 
both  the  KLF5  and  MYC  protein  half-lives  in  HeLa  (Fig.  3A). 
These  results  suggest  that  GSK3(3  could  be  the  kinase  for 
KLF5  S303  phosphorylation. 

To  directly  test  whether  GSK3(3  phosphorylates  KLF5  at 
S303,  we  performed  the  in  vitro  kinase  assay  using  the 
purified  recombinant  GSK3(3  kinase  and  the  purified  re¬ 
combinant  KLF5/KLF5-S303A/KLF5-S307A  proteins  in  the 
presence  of  y-32P-ATP.  We  found  that  GSK3(3  can  efficiently 
phosphorylate  WT  KLF5  and  KLF5-S307A  but  not  KLF5- 
S303A  (Fig.  3B).  These  results  indicate  that  the  KLF5 


protein  phosphorylation  at  S303  can  be  mediated  by  GSK3(3 
in  vitro. 

Fbw7  ubiquitinates  KLF5 

To  test  whether  Fbw7  ubiquitinates  KLF5  in  cultured  cells, 
we  performed  the  KLF5  ubiquitination  assay  in  HEK293FT 
cells  as  described  in  our  previous  study  (23).  We  found  that 
WT  Fbw7y  but  not  the  Fbw7y-F  mutant  increases  the 
KLF5  ubiquitination  (Fig.  3C).  Under  the  same  condition, 
KLF5-S303  cannot  be  efficiently  ubiquitinated  by  Fbw7y 
(Fig.  3C).  Additionally,  we  examined  the  endogenous  KLF5 
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ubiquitination  in  the  Fbw7  WT  and  knockout  DLD1  colon 
cancer  cell  lines  (4)  and  found  that  the  endogenous  KLF5 
ubiquitination  is  decreased  in  Fbw7  knockout  DLD1  cells 
(Supplementary  Fig.  S2A). 

To  test  whether  Fbw7  directly  ubiquitinates  KLF5  in  vitro, 
we  purified  KLF5  and  the  sCFFbw7  E3  ligase  complex  from 
HEK293FT  cells.  The  purified  FLAG-Fbw7y/Fbw7y-R338L, 
but  not  Fbw7y-F,  complexes  contain  the  cooverexpressed 
Myc-CULl  protein  (Supplementary  Fig.  S2B),  suggesting  that 
the  intact  scFFbw7  E3  complex  was  purified  by  IP  Fbw7y, 
Fbw7y-R338L,  but  not  Fbw7y-F.  In  the  presence  of  the 
KLF5  substrate,  Ub,  El,  E2  (UbcH5a),  and  ATP,  the  ubiquiti- 
nated  KLF5  is  dramatically  increased  by  WT  Fbw7y,  but  not 
by  Fbw7y-F  or  Fbw7y-R338L  (Fig.  3D).  Finally,  we  showed 
that  Fbw7y  cannot  ubiquitinate  KLF5-S303A  efficiently 
compared  with  WT  KLF5  in  vitro  (Fig.  3D).  These  results 
suggest  that  the  sCFFbw7  E3  ligase  specifically  ubiquitinates 
KLF5  in  vitro . 

Endogenous  SCFFbw7  promotes  KLF5  degradation 

To  test  if  endogenous  KLF5  is  the  substrate  of  endogenous 
Fbw7,  we  examined  the  KLF5  protein  levels  in  the  Fbw7 
knockout  DLD1  cells  and  found  that  KLF5  is  upregulated, 


like  another  Fbw7  substrate  MYC  (Fig.  4A).  In  the  presence 
of  MG  132,  there  is  no  difference  for  the  KLF5  protein  levels 
between  the  WT  and  Fbw7  null  cells,  suggesting  that  WT 
Fbw7  targets  KLF5  for  proteasomal  degradation.  To  further 
test  whether  Fbw7  promotes  the  KLF5  protein  degradation, 
we  compared  the  KLF5  protein  half-lives.  As  shown  in  Fig.  4A, 
both  the  KLF5  and  MYC  protein  half-lives  are  dramatically 
extended  in  the  Fbw7-deficient  cells  compared  with  the 
WT  DLD1  cells. 

To  further  test  if  endogenous  Fbw7  suppresses  the  KLF5 
protein  expression  in  other  cells,  we  knocked  down  Fbw7 
by  two  different  siRNAs  in  HeLa,  MCF10A,  and  BT20  cells. 
The  Fbw7  knockdown  efficiencies  are  about  60%  to  80%  in 
these  cell  lines  (Fig.  4B).  We  could  not  detect  the  endogenous 
Fbw7  proteins  in  these  cell  lines  (data  not  shown)  because 
there  are  no  effective  anti-Fbw7  Abs  for  Western  blotting 
to  date  (24).  We  found  that  the  endogenous  KLF5  and 
MYC  protein  levels  are  significantly  elevated  in  all  these  cell 
lines  (Fig.  4B).  As  expected,  the  KLF5  mRNA  levels  are  not 
increased  by  Fbw7  siRNAs  (Supplementary  Fig.  S2C).  Fur¬ 
thermore,  knockdown  of  Fbw7  by  two  different  siRNAs  clear¬ 
ly  extends  both  the  KLF5  and  MYC  protein  half-lives  in  HeLa 
(Fig.  4B).  Consistently,  the  KLF5  and  MYC  protein  half-lives 
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Figure  4.  Inactivation  of  SCFFbw7  increases  the  endogenous  KLF5  protein  levels  through  preventing  KLF5  from  degradation.  A,  endogenous  KLF5  and 
MYC  protein  levels  and  half-lives  are  increased  in  the  Fbw7  knockout  cells  compared  with  the  WT  DLD1  cells,  as  determined  by  the  cycloheximide  chase 
assay  and  Western  blotting.  The  Fbw7-mediated  endogenous  KLF5  protein  degradation  can  be  blocked  by  MG132.  B,  knockdown  of  Fbw7  increases 
the  endogenous  protein  levels  of  KLF5  and  MYC  in  HeLa,  MCF10A,  and  BT20,  as  determined  by  Western  blotting.  Fbw7  is  knocked  down  by  two  different 
siRNAs,  as  determined  by  qRT-PCR.  Lucsi  was  used  as  a  negative  control.  The  KLF5  mRNA  levels  are  not  upregulated  by  Fbw7  siRNAs  in  these  cells 
(Supplementary  Fig.  S2C).  The  protein  half-lives  of  endogenous  KLF5  and  MYC  are  dramatically  extended  in  Fbw7  knockdown  HeLa  cells,  as  determined  by 
the  cycloheximide  chase  assay.  C,  the  protein  half-lives  of  endogenous  KLF5  and  MYC  are  dramatically  extended  in  Fbw7  mutated  SUM149  breast  cancer 
cells,  as  determined  by  the  cycloheximide  chase  assay.  D,  depletion  of  CUL1,  but  not  CUL2,  by  two  different  siRNAs  increases  the  endogenous  KLF5 
protein  levels  in  HeLa. 
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in  the  Fbw7-mutated  SUM149  breast  cancer  cell  line  are 
much  longer  than  those  in  MCF10A  that  has  WT  Fbw7 
(Fig.  4C).  These  results  strongly  suggest  that  inactivation  of 
endogenous  Fbw7  by  gene  knockout,  knockdown,  or  muta¬ 
tion  increases  the  KLF5  protein  stability. 

Because  Fbw7  functions  as  an  adaptor  for  SCFFbw7,  we 
asked  whether  knockdown  of  other  SCF  components,  such 
as  CUL1  (25),  also  increases  the  KLF5  protein  expression. 
We  knocked  down  CUL1  and  CUL2  in  HeLa,  respectively, 
and  found  the  KLF5  protein  levels  are  specifically  upregu- 
lated  by  knocking  down  CUL1  but  not  CUL2  (Fig.  4D).  The 
knockdown  efficiencies  of  CUL1  and  CUL2  are  ~90%  as 
monitored  by  quantitative  reverse  transcriptase  PCR  (qRT- 
PCR;  Supplementary  Fig.  S2D).  Importantly,  the  KLF5  mRNA 
levels  are  not  upregulated  by  knocking  down  CUL1,  sug¬ 
gesting  that  the  upregulation  of  KLF5  occurs  at  the  post- 
transcriptional  level.  Similar  to  the  knockdown  of  Fbw7, 
knockdown  of  Rbxl  by  siRNA  also  upregulates  the  KLF5  pro¬ 
tein  level  in  HeLa  (data  not  shown).  These  findings  suggest 
that  the  scFFbw7  E3  complex  suppresses  the  KLF5  protein 
expression. 


The  expression  of  Fbw7  and  KLF5  in  breast  cancer 

Because  the  degradation  of  MYC  by  Fbw7  is  isoform  and 
cell  line  specific  (24,  26),  we  asked  whether  the  endogenous 
Fbw7  isoforms  (a,  (3,  and  y)  also  promote  KLF5  degradation 
in  a  cell  line-dependent  manner.  To  test  this,  we  knocked 
down  Fbw7  using  the  isoform-specific  siRNAs  (27)  in  HeLa, 
MCF10A,  and  184B5  cell  lines.  We  found  that  knockdown  of 
any  Fbw7  isoforms  (a,  (3,  and  y)  upregulates  the  KLF5  pro¬ 
tein  levels  in  HeLa  with  a  similar  extent  (Fig.  5A).  In  the 
MCF10A  breast  cell  line,  knockdown  of  Fbw7a  and  (3  iso¬ 
forms  upregulates  KLF5  with  a  similar  efficiency.  However, 
knockdown  of  Fbw7y  does  not  show  any  significant  changes 
for  KLF5  (Fig.  5A).  In  the  184B5  breast  cell  line,  only  knock¬ 
down  of  Fbw7a  clearly  upregulates  KLF5  (Fig.  5A).  These 
results  suggest  that  the  degradation  of  KLF5  by  Fbw7  is  also 
isoform  and  cell  line  specific.  Consistent  with  a  previous 
report  that  Fbw7a  is  the  predominant  isoform  expressed  in 
breast  cancer  cell  lines  (3),  endogenous  Fbw7a  appears  as 
the  major  active  isoform  for  KLF5. 

Previously,  we  showed  that  KLF5  is  expressed  in  ERa- 
negative  breast  cell  lines  and  downregulated  in  ERa-positive 
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Figure  5.  The  expression  of  Fbw7  isoforms  and  KLF5  in 
breast  cell  lines.  A,  knockdown  of  Fbw7  by 
isoform-specific  siRNAs  differently  increases  the 
endogenous  KLF5  and  MYC  protein  levels  in  HeLa, 
MCF10A,  and  184B5.  B,  the  negative  protein 
expression  correlation  between  KLF5  and  WWP1  in  a 
panel  of  10  breast  cell  lines.  *,  the  Fbw7  gene  is 
inactively  mutated  in  SUM149.  C,  knockdown  of  WWP1 
and  Fbw7  by  two  different  siRNAs  upregulates  the 
endogenous  KLF5  protein  levels  in  MCF10A  cells. 

D,  the  mRNA  levels  of  Fbw7  isoforms  and  KLF5  in 
breast  cell  lines,  as  determined  by  qRT-PCR. 
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breast  cell  lines  (17).  The  KLF5  E3  ligase  WWP1  is  overex¬ 
pressed  in  ERa-positive  breast  cancer  (28).  As  shown  in 
Fig.  5B,  there  is  a  negative  correlation  between  the  KLF5 
and  WWP1  protein  expression  in  a  panel  of  10  breast  cell 
lines.  To  test  whether  both  KLF5  E3  ligases  function  at  the 
same  time,  we  knocked  down  WWP1  and  Fbw7  by  two  dif¬ 
ferent  siRNAs,  respectively,  in  MCF10A  and  found  that 
knockdown  of  Fbw7  increases  the  KLF5  protein  levels  to 
higher  levels  compared  with  knockdown  of  WWP1  (Fig.  5C). 
These  results  suggest  that  Fbw7  is  the  major  E3  ligase  for 
KLF5  in  MCF10A,  although  both  endogenous  Fbw7  and 
WWP1  target  KLF5  for  degradation.  Interestingly,  Fbw7  and 
WWP1  appear  to  compensate  each  other  because  knockdown 
of  either  Fbw7  or  WWP1  causes  the  expression  upregulation 
of  the  other  KLF5  E3  ligase  (Supplementary  Fig.  S2E;  Fig.  5C). 

Finally,  we  measured  the  relative  mRNA  levels  of  KLF5, 
total  Fbw7,  and  the  individual  Fbw7  isoforms  (a,  (3,  and  y) 
in  10  breast  cell  lines  by  qRT-PCR  (Fig.  5D).  Among  three  im¬ 
mortalized  cell  lines  (MCF10A,  184A1,  and  184B5),  the  mRNA 
levels  of  Fbw7a  and  total  Fbw7  negatively  correlate  with  the 
KLF5  protein  levels  (Fig.  5B  and  D).  Consistent  with  our  pre¬ 
vious  reports  (17,  29),  the  low  levels  of  KLF5  protein  expres¬ 
sion  in  ERa-positive  breast  cancer  cells  seem  to  be  driven  by 
the  loss  of  KLF5  mRNA  expression.  In  ERa-negative  cancer 
cell  lines,  the  downregulation  of  Fbw7  is  obvious  compared 
with  184A1  and  184B5.  Interestingly,  inactivation  of  Fbw7  in 
SUM  149  leads  to  the  accumulation  of  a  high  level  of  KLF5 
protein  without  upregulating  the  KLF5  mRNA  level  (Fig.  5B 
and  D). 

Fbw7  suppresses  the  FGF-BP  expression  and  breast  cell 
proliferation  through  promoting  KLF5  degradation 

Recently,  we  showed  that  KLF5  promotes  breast  cell  pro¬ 
liferation  through  upregulating  the  FGF-BP  expression  (17). 
To  test  whether  Fbw7  suppresses  the  KLF5  trans activation 
function,  we  knocked  down  Fbw7  by  siRNA  in  MCF10A, 
184B5,  and  MCF7  breast  cells  (Supplementary  Fig.  S3A)  and 
found  that  the  KLF5  protein  levels  are  upregulated  (Fig.  6A). 
In  agreement  with  the  fact  that  FGF-BP  is  one  of  the  KLF5 
transcriptional  targets  (17),  we  found  that  the  FGF-BP  ex¬ 
pression  upregulation  occurs  at  the  mRNA  and/or  protein  le¬ 
vels  (Fig.  6A).  Knockdown  of  Fbw7  by  two  different  short 
hairpin  RNAs  in  184B5  shows  similar  results  (Supplementary 
Fig.  S3B).  Importantly,  the  depletion  of  KLF5  can  significantly 
rescue  the  Fbw7  siRNA-induced  FGF-BP  upregulation  in  all 
three  cell  lines  (Fig.  6A).  These  observations  suggest  that  en¬ 
dogenous  Fbw7  suppresses  the  KLF5  function  of  inducing 
the  FGF-BP  gene  transcription  in  breast  cells. 

Because  KLF5  promotes  breast  cell  proliferation  (17)  and 
Fbw7  also  targets  several  other  oncoproteins  for  degradation, 
it  is  important  to  elucidate  whether  Fbw7  suppresses  breast 
cell  proliferation  through  KLF5.  As  shown  in  Fig.  6B,  knock¬ 
down  of  Fbw7  significantly  increases  DNA  synthesis  in 
MCF10A,  184B5,  and  MCF7.  Knockdown  of  Fbw7  by  two  dif¬ 
ferent  short  hairpin  RNAs  in  184B5  also  increases  DNA  syn¬ 
thesis  and  cell  proliferation  (Supplementary  Fig.  S3C).  In 
agreement  with  our  earlier  report  (17),  depletion  of  KLF5 
can  almost  completely  block  the  Fbw7  siRNA-induced 


DNA  synthesis  increase  in  all  three  cell  lines.  Additionally, 
depletion  of  KLF5  in  MCF7  can  rescue  the  Fbw7  siRNA-induced 
colony  formation  increase  in  soft-agar  (Supplementary 
Fig.  S3D).  These  results  strongly  argue  that  endogenous 
Fbw7  suppresses  breast  cell  proliferation  through  target¬ 
ing  the  endogenous  KLF5  for  degradation. 

Finally,  we  tested  whether  restoring  the  Fbw7  expression 
in  the  SUM  149  breast  cancer  cell  line,  in  which  the  endoge¬ 
nous  Fbw7  loses  its  activity  by  gene  mutation  (3),  inhibits 
FGF-BP  expression  and  DNA  synthesis.  FLAG-Fbw7y, 
FLAG-Fbw7y-F,  and  LacZ  were  overexpressed  in  SUM  149 
by  lentiviruses.  As  expected,  the  KLF5  protein  level,  but  not 
its  mRNA  level,  is  specifically  downregulated  by  the  WT 
Fbw7y  compared  with  LacZ  and  Fbw7y-F  (Fig.  6C).  Further¬ 
more,  restoring  WT  Fbw7y  in  SUM149  significantly  de¬ 
creases  the  FGF-BP  mRNA  level  (Fig.  6C)  and  DNA 
synthesis  (Fig.  6D)  compared  with  LacZ  and  Fbw7y-F. 

Discussion 

This  is  the  first  study  to  report  that  the  KLF5  protein  deg¬ 
radation  is  targeted  by  the  sCFFbw7  E3  ligase.  We  provide 
several  fines  of  evidence  to  support  that  Fbw7  targets  the 
KLF5  protein  for  ubiquitin-mediated  proteasomal  degrada¬ 
tion  and  suppresses  breast  cell  proliferation.  First,  Fbw7 
binds  to  the  KLF5  protein  through  the  WD40/CPD  motif  in¬ 
teraction.  Second,  Fbw7  overexpression  decreases  the  KLF5 
protein  level  and  half-life.  Third,  the  phosphorylation  of 
KLF5  at  S303  by  GSK3(3  is  indispensable  for  Fbw7  to  target 
KLF5  for  ubiquitination  and  degradation.  Fourth,  Fbw7  ubi- 
quitinates  KLF5  through  its  E3  ligase  activity.  Additionally, 
the  inactivation  of  Fbw7  increases  the  endogenous  KLF5  pro¬ 
tein  level  and  half-life.  Finally,  Fbw7  suppresses  the  KLF5 
functions  of  promoting  the  FGF-BP  gene  expression  and 
breast  cell  proliferation. 

The  KLF5  protein  is  an  unstable  protein  with  a  short  half- 
life.  Previously,  we  reported  that  KLF5  degrades  rapidly 
through  the  ubiquitin  proteasome  pathway  (21).  The  degrons 
overlap  with  its  TAD  between  299  and  348.  We  first  identified 
a  PY  motif  from  this  region  that  recruits  WWP1  (23).  How¬ 
ever,  Fbw7  binds  exclusively  to  the  KLF5  CPD  motif  in  a  S303 
phosphorylation-dependent  manner  (Supplementary  Fig. 
S4).  Thus,  KLF5  TAD  contains  two  different  degrons  that  re¬ 
cruit  Fbw7  and  WWP1,  respectively  (Supplementary  Fig.  S4). 
Depletion  of  either  WWP1  or  Fbw7  increases  the  KLF5  pro¬ 
tein  levels  in  MCF10A;  however,  Fbw7  is  the  major  E3  ligase 
for  KLF5.  Interestingly,  when  Fbw7  is  knocked  down  in 
MCF10A,  the  WWP1  expression  level  is  upregulated  and 
vice  versa  (Supplementary  Fig.  S2E;  Fig.  5C).  Thus,  Fbw7 
and  WWP1  are  coordinately  activated  to  target  KLF5  for 
degradation. 

The  KLF5  protein  is  phosphorylated  by  PKC  (30)  and  ex¬ 
tracellular  signal-regulated  kinase  (31).  For  the  fist  time, 
we  found  that  the  phosphorylation  of  KLF5  at  S303  by 
GSK3(3  promotes  the  protein  ubiquitination  by  Fbw7.  Addi¬ 
tionally,  GSK3(3 -mediated  phosphorylation  usually  needs 
priming  phosphorylation  at  +4  site  (S307  in  KLF5;  ref.  1). 
However,  KLF5-S307A  can  still  be  efficiently  phosphorylated 
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Figure  6.  Fbw7  suppresses  the  FGF-BP  expression  and  breast  cell  proliferation  through  promoting  KLF5  degradation.  A,  knockdown  of  Fbw7  by  siRNA 
increases  the  FGF-BP  protein  and/or  mRNA  levels  in  a  KLF5-dependent  manner  in  MCF10A,  184B5,  and  MCF7  (the  FGF-BP  protein  cannot  be  detected  in 
MCF7  by  Western  blotting).  The  Fbw7  and  FGF-BP  mRNA  levels  were  determined  by  qRT-PCR.  Knockdown  of  Fbw7  by  siRNA  increases  the  KLF5  protein 
levels.  Knockdown  of  KLF5  by  siRNA  rescues  the  depletion  of  Fbw7-induced  FGF-BP  protein  and/or  mRNA  expression  upregulation.  B,  knockdown  of 
Fbw7  by  siRNA  significantly  increases  the  DNA  synthesis  in  MCF10A,  184B5,  and  MCF7,  as  determined  by  the  3H-thymidine  incorporation.  Knockdown  of 
KLF5  by  siRNA  significantly  rescues  the  depletion  of  Fbi/i/7-induced  DNA  synthesis  increase.  C,  the  overexpression  of  FLAG-Fbw7y  decreases  the 
endogenous  KLF5  protein  level,  but  not  KLF5  mRNA  level,  compared  with  LacZ  and  FLAG-Fbw7y-F  in  SUM149,  as  determined  by  Western  blotting  and 
qRT-PCR.  The  overexpression  of  FLAG-Fbw7y  significantly  decreases  the  FGF-BP  mRNA  level.  D,  the  overexpression  of  FLAG-Fbw7y  significantly 
decreases  the  DNA  synthesis  compared  with  LacZ  and  FLAG-Fbw7y-F  in  SUM149.  *,  P  <  0.05;  **,  P  <  0.01  (f  test). 


by  GSK3[3  in  vitro  and  in  cultured  cells  (Fig.  3).  In  addition, 
we  found  that  KLF5-S307A  can  still  efficiently  interact  with 
Fbw7y  and  be  ubiquitinated  by  Fbw7y  (data  not  shown). 
These  results  suggest  that  the  priming  phosphorylation  could 
be  from  other  sites. 

Three  Fbw7  isoforms  (a,  (3,  and  y)  show  different  subcel- 
lular  localization  in  U20S  (1)  and  HEK293FT  cells  (Fig.  ID). 
KLF5  is  predominately  localized  in  the  nucleus  of  HEK293FT 
cells  (Fig.  ID).  However,  a  small  fraction  of  KLF5  has  been 


shown  to  localize  in  the  cytoplasm  (32).  Nevertheless,  all 
Fbw7  isoforms  interact  with  KLF5  in  our  IP  experiments  af¬ 
ter  the  disruption  of  the  intact  cell  structures  (Fig.  1A).  Over¬ 
expression  of  any  Fbw7  isoforms  decrease  the  KLF5  protein 
levels  (Supplementary  Fig.  S1A  and  C;  Fig.  2A).  Importantly, 
knockdown  of  any  endogenous  Fbw7  isoforms  in  HeLa  in¬ 
creases  the  endogenous  KLF5  protein  levels  (Fig.  5A).  In 
breast  cells,  Fbw7a  seems  to  be  the  major  functional  endog¬ 
enous  isoform  for  KLF5. 
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Fbw7  has  been  documented  to  be  inactivated  by  somatic 
gene  mutation  in  a  small  subset  (~1%)  of  breast  cancers 
based  on  the  Catalogue  of  Somatic  Mutations  in  Cancer  Da¬ 
tabase.  Interestingly,  polymorphism  of  the  Fbw7  gene  was 
found  to  be  associated  with  high-stage  and  ERa-negative 
breast  cancers  (33).  Fbw7  has  been  reported  to  be  induced 
by  the  p53  tumor  suppressor  (6)  that  is  frequently  mutated 
in  ERa-negative  breast  tumors.  Indeed,  the  total  Fbw7  mRNA 
levels  in  ERa-negative  breast  cancer  cell  lines  are  generally 
lower  than  that  in  ERa-positive  breast  cancer  cell  lines 
(Fig.  5D).  In  addition  to  breast  cancer,  Fbw7  is  more  fre¬ 
quently  mutated  in  tumors  from  the  endometrium  (15%), 
large  intestine  (9%),  thyroid  (8%),  hematopoietic  and  lym¬ 
phoid  tissue  (8%),  pancreas  (3%),  and  others.  Consistently, 
the  conditional  knockout  of  Fbw7  in  the  T-cell  lineage  of 
mice  shows  thymic  hyperplasia  and  eventually  the  mice  de¬ 
velops  thymic  lymphoma  (34).  The  Fbw7  heterozygous 
knockout  mice  increase  susceptibility  to  radiation-induced 
tumorigenesis  (6).  It  is  well  documented  that  KLF5  plays  on¬ 
cogenic  roles  in  breast  cancer  (17),  colon  cancer  (35),  leuke¬ 
mia  (36),  and  pancreatic  cancer  (37).  These  findings  suggest 
that  genetic  inactivation  of  Fbw7  in  a  variety  of  cancers  could 
promote  cancer  progression  through  accumulating  KLF5. 

Fbw7  has  been  suggested  to  be  a  tumor  suppressor  con¬ 
trolling  the  level  of  the  key  cell  cycle  regulatory  protein  Cy- 
clin  E  (1).  In  this  study,  we  show  that  Fbw7  inhibits  KLF5. 
Importantly,  KLF5  seems  to  be  a  critical  substrate  for 
Fbw7  to  suppress  breast  cell  proliferation  because  depletion 
of  KLF5  can  rescue  the  inactivation  of  Fbw7-induced  DNA 
synthesis  increase  (Fig.  6A  and  B).  KLF5  has  been  shown  to 
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Abstract  KLF5  (Kruppel-like  factor  5)  is  a  basic  tran¬ 
scription  factor  binding  to  GC  boxes  at  a  number  of  gene 
promoters  and  regulating  their  transcription.  KLF5  is 
expressed  during  development  and,  in  adults,  with  higher 
levels  in  proliferating  epithelial  cells.  The  expression  and 
activity  of  KLF5  are  regulated  by  multiple  signaling 
pathways,  including  Ras/MAPK,  PKC,  and  TGF/i,  and 
various  posttranslational  modifications,  including  phos¬ 
phorylation,  acetylation,  ubiquitination,  and  sumoylation. 
Consistently,  KLF5  mediates  the  signaling  functions  in  cell 
proliferation,  cell  cycle,  apoptosis,  migration,  differentia¬ 
tion,  and  sternness  by  regulating  gene  expression  in 
response  to  environment  stimuli.  The  expression  of  KLF5 
is  frequently  abnormal  in  human  cancers  and  in  cardio¬ 
vascular  disease-associated  vascular  smooth  muscle  cells 
(VSMCs).  Due  to  its  significant  functions  in  cell  prolifer¬ 
ation,  survival,  and  differentiation,  KLF5  could  be  a 
potential  diagnostic  biomarker  and  therapeutic  target  for 
cancer  and  cardiovascular  diseases. 

Keywords  KLF5  •  Proliferation  •  Survival  • 
Differentiation  •  Homeostasis  •  Tumorigenesis  • 
Cardiovascular  diseases 
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Introduction 

Transcription  factors  regulate  diverse  cellular  processes, 
including  proliferation,  cell  cycle,  apoptosis,  migration, 
and  differentiation,  by  controlling  gene  expression.  Accu¬ 
mulating  evidence  suggests  that  genetic  aberrations  of 
SP/KLF  (Kruppel-like  factor)  transcription  factors  are 
involved  in  the  development  of  various  human  diseases, 
including  cancer  and  cardiovascular  diseases,  as  reviewed 
previously  [1-7].  The  KLF  family  consists  of  ~20  mem¬ 
bers  in  humans,  and  is  structurally  characterized  by  three 
tandem  zinc-finger  domains  at  the  C-terminus.  Several 
members  of  the  KLF  family,  such  as  KLF2  [8],  KLF4  [9, 
10],  KLF5  [11],  KLF6  [12,  13],  and  KLF8  [14],  have  been 
demonstrated  to  play  vital  roles  in  the  development  of 
various  human  cancers. 

KLF5,  also  named  BTEB2  [15]  and  IKLF,  belongs  to  the 
KLF  family.  KLF5  is  widely  expressed  at  varying  levels  in 
different  tissues.  As  a  basic  transcription  factor,  KLF5 
regulates  a  number  of  important  target  genes,  such  as  cyclin 
D1 ,  cyclin  B ,  PDGFa ,  and  FGF-BP.  KLF5  has  essential 
roles  in  cell  cycle  regulation,  apoptosis,  migration,  and 
differentiation.  In  recent  years,  the  study  of  KLF5  has  been 
dramatically  expanded.  This  review  article  comprehen¬ 
sively  summarizes  the  biochemical  and  molecular  aspects 
of  KLF5,  including  its  gene  and  protein  structures, 
expression  patterns,  protein  posttranslational  modifications, 
interacting  proteins,  downstream  target  genes,  and  upstream 
regulators.  Following  that,  we  review  the  functions  of  KLF5 
in  various  physiological  and  pathological  cellular  processes, 
including  cell  proliferation,  survival,  migration,  differenti¬ 
ation,  and  sternness.  Additionally,  we  outline  all  in  vivo 
studies  of  KLF5  transgenic  mouse  models.  Finally,  the 
relationships  of  KLF5  and  human  diseases  are  summarized 
and  future  research  directions  for  KLF5  are  proposed. 
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Biochemistry 

The  gene  and  protein  structures 

The  KLF5  gene  is  located  at  13q21,  spanning  ~18.5  kb 
genomic  DNA  with  four  exons.  The  full-length  cDNA 
of  human  KLF5  consists  of  3,350  bp  with  a  324-bp 
5/-untranslated  region  (UTR),  a  1,652-bp  3/-UTR,  and  a 
1,374-bp  sequence  coding  for  a  457  amino  acid  polypep¬ 
tide  (Fig.  1).  Similar  to  other  KLFs,  the  C-terminus  of 
KLF5  protein  contains  three  zinc-finger  (ZF)  domains, 
which  function  in  DNA  binding.  KLF5  has  a  proline  rich 
transactivation  domain  (TAD)  before  the  ZF  domains 
[15,  16]. 

Expression 

KLF5  is  widely  expressed  at  varying  levels  in  different 
tissues.  Based  on  Northern  blot  analysis,  high  levels  of 
KLF5  mRNA  are  present  in  the  human  and  mouse  diges¬ 
tive  tract  including  intestine,  colon,  and  stomach,  and 
pancreas,  placenta,  testis,  prostate,  skeleton  muscle,  and 
lung  [15,  17,  18].  KLF5  mRNA  was  also  detected  in  human 
and  rabbit  bladder  and  uterus  [19,  20].  Although  the 
expression  of  KLF5  appears  mostly  to  be  epithelial,  KLF5 
is  also  expressed  in  cardiovascular  SMCs  [19],  cornea  [21], 
lymphoid  cells  [22],  and  neuronal  cells  [23].  While  most 
tissues  express  a  3. 3 -kb  transcript  of  KLF5,  that  expressed 
in  the  testis  is  about  1.5  kb  [18]. 

Accumulated  evidence  suggests  that  KLF5  is  more 
highly  expressed  in  proliferating  cells  than  in  differentiated 
cells  [17].  For  example,  KLF5  shows  temporal  changes  in 
expression  during  embryogenesis  [17,  24,  25].  During 


mouse  development,  KLF5  mRNA  continues  to  accumu¬ 
late  at  a  high  rate  in  the  basal  layer  of  the  epidermis  and  in 
the  base  of  the  intestinal  crypts  [24].  Consistently,  the 
KLF5  protein  is  also  exclusively  expressed  in  proliferating 
epithelial  cells  at  the  base  of  the  crypts  of  the  intestine  but 
not  in  the  terminally  differentiated  epithelial  cells  in  the 
villi  [11]. 

The  KLF5  protein  is  primarily  expressed  in  the  nucleus 
[18].  However,  KLF5  also  contains  a  nuclear  export  signal 
(NES)  located  next  to  a  sumoylation  site  (Fig.  1)  [26].  Du 
et  al.  [26]  found  that  sumoylation  facilitates  KLF5  nuclear 
localization  by  inactivating  NES. 

Posttranslational  modifications 

KLF5  proteins  undergo  different  posttranslational  modifi¬ 
cations  that  modulate  the  protein  level  or  transactivation 
activities  of  KLF5.  Such  modifications  include  phosphor¬ 
ylation,  acetylation,  ubiquitination,  and  sumoylation 
(Fig.  1).  While  KLF5  phosphorylation  positively  regulates 
its  activity  and  KLF5  ubiquitination  negatively  regulates  its 
protein  level,  the  function  of  acetylation  and  sumoylation  is 
context-dependent. 

KLF5  phosphorylation  by  PKC  at  S153  increases  the 
transactivation  activities  of  KLF5  [27].  Zhang  et  al.  [27] 
reported  that  a  point  mutation  (SI 53 A)  reduces  its  trans¬ 
activation  function,  and  that  phosphorylation  of  KLF5 
enhances  its  interaction  with  CREB -binding  protein  (CBP). 
Whether  KLF5  is  also  phosphorylated  at  other  sites  by 
other  kinases  is  still  unclear. 

KLF5  has  been  documented  to  be  acetylated  by  p300 
and  deacetylated  by  HDAC1  and  SET  [28,  29].  Miyamoto 
et  al.  [28]  reported  that  the  acetyl  transferase,  p300, 
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Fig.  1  The  human  KLF5  gene  and  protein  structures.  The  human 
KLF5  genome  contains  four  exons  (exon  1,  585  bp;  intron  1, 
2,272  bp;  exon  2,  874  bp;  intron  2,  1,089  bp;  exon  3,  60  bp;  intron  3, 
11,824  bp;  and  exon  4,  1,831  bp).  The  KLF5  protein  contains  three 
zinc-finger  (ZF)  domains,  one  major  transactivation  domain  (TAD) 


with  a  PY  motif  (PPSY328),  and  a  nucleus  export  signal  (NES).  The 
KLF5  protein  undergoes  different  types  of  posttranslational  modifi¬ 
cations,  including  phosphorylation  (P  at  S153),  acetylation  (Ac  at 
K369),  ubiquitination  (Ub),  and  sumoylation  (Su  at  K 162  and  K209) 
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acetylates  KLF5  at  K369,  which  appears  to  enhance  the 
transactivation  activity  of  KLF5.  The  notion  was  fully 
confirmed  by  an  independent  study:  using  a  KLF5  K369 
acetylation  specific  antibody,  Guo  et  al.  [30]  demonstrated 
that  TGF/i  recruits  p300  to  acetylate  KLF5.  The  SET  his¬ 
tone  chaperone  was  shown  to  negatively  regulate  the 
function  of  KLF5  in  DNA  binding  and  cell  proliferation, 
which  is  accompanied  by  an  inhibition  of  KLF5  acetylation 
[28].  The  deacetylase  HDAC1  can  also  interact  with  KLF5 
to  inhibit  the  binding  of  KLF5  to  DNA  as  well  as  KLF5- 
mediated  promoter  activation  through  inhibiting  the  KLF5 
acetylation  by  p300  [29]. 

KLF5  has  been  shown  to  be  ubiquitinated.  Chen  et  al. 
[31]  found  that  KLF5  is  degraded  through  the  ubiquitin- 
proteasome  pathway  in  epithelial  cells.  Like  other  crucial 
transcription  factors,  such  as  p53  and  c-MYC,  KLF5  turns 
over  rapidly.  The  KLF5  protein  half-life  is  ~1.5  h  by 
pulse  chase  assays.  The  destruction  domain  is  within  TAD 
of  KLF5.  Further  investigation  revealed  that  the  WWP1  E3 
ubiquitin  ligase  can  bind  to  the  PY  motif  of  KLF5  in  TAD 
(Fig.  1),  to  ubiquitinate  and  degrade  KLF5  [32].  Interest¬ 
ingly,  the  WWP1  gene  is  frequently  amplified  and 
overexpressed  in  both  breast  and  prostate  cancers  [32-34]. 
The  WWP1  protein  is  highly  expressed  in  ERa  positive 
breast  cancer  while  KLF5  appears  to  be  expressed  in  ERa 
negative  breast  cancer  [35,  36].  Our  unpublished  results 
suggest  that  KLF5  may  also  be  ubiquitinated  by  other  E3 
ligases.  Additionally,  degradation  of  KLF5  by  the  protea- 
some  pathway  can  be  ubiquitin-independent  [37],  although 
the  molecular  mechanism  is  not  fully  understood. 

KLF5  has  been  demonstrated  to  be  sumoylated  in  two 
recent  studies  [26,  38].  Du  et  al.  [39]  applied  a  yeast  two- 
hybrid  screen  to  identify  proteins  that  interact  with  KLF5 
and  identified  the  sumoylation  E3  ligase  PIAS1  as  the 
potential  KLF5 -interacting  protein.  Du  et  al.  [26]  further 
demonstrated  that  mouse  KLF5  is  sumoylated  at  lysine 
residues  151  and  202,  and  that  sumoylation  facilitates 
nuclear  localization  and  function  of  KLF5  by  inactivating 


NES  located  next  to  K151  (Fig.  1).  The  sumoylation  of 
human  KLF5  was  reported  in  an  independent  study  [38]. 

KLF5  posttranslational  modifications,  including  sumoyl¬ 
ation  and  acetylation,  can  switch  the  function  of  KLF5. 
Although  KLF5  has  no  transcription  repressor  domain, 
Oishi  et  al.  [38]  found  that  KLF5  directly  inhibits  tran¬ 
scription  of  lipid  metabolism  genes,  including  Cptlb ,  Ucp2 , 
and  Ucp3  by  recruiting  co-repressors.  After  KLF5  is  su¬ 
moylated  upon  agonist  stimulation  of  PPAR<5,  KLF5 
recruits  co-activators  to  induce  the  Cptlb ,  Ucp2 ,  and  Ucp3 
transcription  [38].  Similarly,  KLF5  normally  suppresses 
pi 5  gene  transcription.  After  KLF5  is  acetylated  upon 
TGF/i  stimulation,  KLF5  increases  the  pi 5  gene  transcrip¬ 
tion  [30].  Thus,  KLF5  can  regulate  the  expression  of  the 
same  set  of  target  genes  toward  opposite  directions  in 
response  to  environment  stimuli. 

Transcriptional  target  genes 

KLF5  has  been  demonstrated  to  regulate  many  genes 
involved  in  cell  proliferation,  cell  cycle,  survival,  migra¬ 
tion,  angiogenesis,  sternness,  and  differentiation  (Table  1) 
in  different  contexts.  Most  KLF5  target  gene  proximal 
promoters  contain  one  or  more  GC  rich  sites  [15,  16,  27]. 
Although  KLF5  has  been  shown  to  bind  to  Spl  sites,  GC 
boxes,  and  CACCC  boxes,  there  are  no  strictly  conserved 
consensus  core  sequences  [15,  16,  27]. 

Two  genome  wide  microarray  experiments  have  been 
performed  to  systematically  identify  KLF5 -regulated 
genes.  Chen  et  al.  [40]  stably  expressed  KLF5  in  the  TSU- 
Prl  bladder  cancer  cell  line,  and  performed  a  microarray 
analysis.  At  least  58  genes  are  differentially  expressed 
between  KLF5-positive  and  KLF5-negative  TSU-Prl  cells 
[40].  Many  of  the  genes  have  been  validated  by  different 
approaches  for  their  differential  expression,  including 
HBP17/FGF-BP ,  B94/TGFA1P2 ,  DUSP1MKP-1 ,  ADRB2 , 
BCAR3 ,  CD24 ,  Dri42 ,  DUSP5 ,  EEF1A2 ,  EMP1,  EXT1 , 
1TGA6 ,  Lipocortin  111 ,  MN1,  p27 ,  PIG12 ,  RAIG1,  SAS ,  Slit , 


Table  1  Functional  classification  of  direct  KLF5  target  genes 


Functions 

Target  genes 

References 

Cell  cycle 

Cyclin  Dl,  Cyclin  Bl,  Cdc2,  pi 5,  p27 

[30,  40,  49,  75,  79,  128] 

Angiogenesis 

PDGFoc,  VEGFoc,  FGF-BP 

[40,  41,  55,  59,  129] 

Inflammation 

MCP-1,  NF-kB 

[56,  124] 

Apoptosis 

Survivin,  Piml 

[45,  80] 

Migration 

ILK ,  MMP9 

[82,  100] 

Sternness 

Nanog,  Tell ,  Oct3/4,  Esrrb,  Fbxol5 

[90,  92] 

Differentiation 

SMemb/NMHC-B,  SM22u,  PAI-1,  Egr-1,  PPARy,  iNOS 

[19,  46,  63,  117,  118,  130] 

Fatty  acid  metabolism 

Cptlb,  Ucp2,  Ucp3,  FASN 

[38,  47] 

Others 

Lactoferrin,  TCR  Dfil,  y-globin,  MAO-A/B,  KLF4,  Lamal,  DAF,  EGFR 

[18,  22,  76,  131-137] 
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TGFot,  TGM2 ,  TIMP2 ,  TMOD,  and  Wnt7a.  Wan  et  al.  [41] 
generated  a  lung-specific  Klf5  knockout  mouse  model  and 
performed  a  microarray  analysis.  KLF5  regulates  the 
expression  of  hundreds  genes  associated  with  cell  cycle, 
angiogenesis,  lipid  metabolism,  and  several  paracrine  sig¬ 
naling  pathways  ( PDGF-FGF ,  VEGF ,  TGFfi ,  and  BMP) 
[41].  Interestingly,  the  fibroblast  growth  factor  binding 
protein  1  (FGF-BP/HBP1 7)  was  identified  as  KLF5  target 
gene  in  both  studies,  suggesting  that  FGF-BP  is  regulated 
by  KLF5  in  vitro  and  in  vivo.  Our  unpublished  results 
suggest  that  KLF5  functions  through  FGF-BP  to  promote 
breast  epithelial  cell  proliferation. 

Interacting  proteins 

To  date,  about  20  KLF5  interacting  proteins  have  been 
identified  through  yeast  two-hybrid  screening,  mass  spec¬ 
trometry,  and  co-immunoprecipitation  (Table  2).  Besides 
the  KLF5  posttranslational  modifiers  described  above, 
KLF5  has  been  shown  to  assemble  a  transcriptional  com¬ 
plex  at  chromosome  to  regulate  gene  expression  by 
interacting  with  multiple  proteins  of  the  transcriptional 
machinery.  KLF5  interacts  with  components  of  the  tran¬ 
scriptional  machinery  including  initiation  factors,  TFIIB, 
TFIIE/i,  and  TFIIF/i  as  well  as  the  TATA  box-binding 
protein  (TBP)  [16].  Recently,  KLF5  has  been  demonstrated 
to  bind  to  PPARc)  and  co-suppressors  NcoR  and  SMRT  at 
the  promoters  of  Ucp2/3  and  Cptlb  [38].  KLF5  can  also 
mediate  the  modification  of  histone  to  regulate  chromatin 
in  gene  regulation.  Munemasa  et  al.  [42]  recently  found 
that  KLF5  recruits  a  novel  histone  chaperone  named  acidic 
nuclear  phosphoprotein  32B  (ANP32B)  onto  gene  pro¬ 
moter,  where  ANP32B  incorporates  into  promoter-region 
specific  histone  to  inhibit  histone  acetylation  and  repressess 
the  transcription  of  a  KLF5 -downstream  gene. 

The  KLF5  protein  has  been  shown  to  associate  with 
numerous  transcription  factors,  such  as  retinoic  acid  receptor 
(RAR/RXR),  NF/cB,  p53,  C/EBP/i/(5,  and  sterol-regulatory- 
element-binding  protein- 1  (SREBP-1),  to  regulate  gene 
transcription.  Fujiu  et  al.  [43]  reported  that  KLF5  forms 
transcriptional  complexes  with  RAR/RXR  heterodimer  on 
PDGFol  promoter.  In  a  yeast  one-hybrid  screen  using  a 
keratinocyte-specific  NF-/cB  binding  site  as  a  bait,  Sur  et  al. 
[44]  identified  KLF5  as  a  factor  cooperating  with  NF-/cB  in 


epidermal  epithelial  cells.  Zhu  et  al.  [45]  found  that  KLF5 
interacts  with  p53  at  the  promoter  of  survivin  gene  in 
leukemia.  Similarly,  KLF5  was  shown  to  interact  with 
C/EBP p/S  at  the  PPARy  promoter  in  adipocyte  cells  [46]. 
Most  recently,  transcriptional  regulation  of  fatty  acid  syn¬ 
thase  (FASN)  involves  an  interaction  between  KLF5  and 
SREBP-1  [47].  As  an  essential  effector  for  the  TGF/i  pathway, 
KLF5  has  been  shown  to  interact  with  Smad2/3,  Smad4,  Myc, 
Miz-1,  and  p300  to  regulate  the  expression  of  pl5  [140]. 

Besides  transcription  factors,  KLF5  also  specifically 
interacts  with  poly(ADP-ribose)  polymerase- 1  (PARP-1),  a 
nuclear  enzyme  important  in  DNA  repair  and  apoptosis 
[48].  The  protein  interaction  occurs  at  the  proteolytic 
fragment  of  PARP-1.  It  was  believed  that  the  interaction 
has  a  pro- survival  function  through  an  unknown  mecha¬ 
nism  [48]. 

Signaling  pathways 

KLF5  plays  important  roles  in  multiple  important  growth 
factor  signaling  pathways,  including  Ras-mitogen-acti- 
vated  protein  kinase  (MAPK),  PKC,  TGF /?,  TNFa, 
retinoid,  and  androgen  (Fig.  2).  As  a  basic  transcription 
factor,  KLF5  could  mediate  the  function  of  different  sig¬ 
naling  pathways  in  different  biological  processes,  including 
cell  proliferation  and  differentiation,  which  often  involves 
transcriptional  regulation  of  KLF5. 

First,  the  notion  that  KLF5  is  induced  by  the  Ras-MAPK 
signaling  pathway  is  supported  by  several  lines  of  inves¬ 
tigation  (Fig.  2).  In  oncogenic  H-Ras-transformed  NIH3T3 
cells,  KLF5  is  upregulated  at  both  RNA  and  protein  levels 
that  can  be  blocked  by  inhibiting  MEK  or  Egr-1[49].  In 
SMCs,  KLF5  mRNA  is  rapidly  and  persistently  induced  by 
phorbol  12-myristate  13-acetate  (PMA)  through  Egr-1 
[50].  Nandan  et  al.  [51]  found  that  induction  of  K-Ras 
(VI 2G)  results  in  increased  expression  of  KLF5  in  IEC-6 
intestinal  epithelial  cells.  Consistently,  higher  levels  of 
KLF5  are  expressed  in  cell  lines  and  primary  tumors  from 
human  colorectal  cancer  with  mutated  K-Ras,  and  primary 
colorectal  cancers  induced  by  the  K-Ras  (V12G)  mutation. 
Additionally,  KLF5  was  found  to  be  upregulated  by  the 
NEU/ErbB2  oncogene,  which  encodes  a  receptor  tyrosine 
kinase  and  actions  upstream  of  Ras  [52].  Fetal  bovine 
serum,  androgen,  and  fibroblast  growth  factor  have  been 


Table  2  KLF5  interacting  proteins 

Function  KLF5  interacting  proteins  References 


Posttranslational  modifiers  WWP1,  PKC,  p300,  HDAC1,  SET,  PIAS 

Basic  transcription  factors  and  co-activators  TFIIB,  TFIIE/1,  TFIIF/f  TBP,  CBP,  p300,  ANP32B,  NcoR,  SMRT 

Co-transcription  factors  RAR/RXR,  NF/cB,  p53,  C/EBP  p/d,  SREBP-1,  PPARci 

Others  PARP-1 


[27-30,  32,  39] 

[16,  27,  38,  42] 

[38,  44-47,  59,  129] 
[48] 
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Fig.  2  The  regulatory  signaling 
pathways  for  KLF5.  KLF5  is 
regulated  by  multiple  signaling 
pathways  at  the  transcriptional 
and  posttranslational  levels. 

LPA  Lysophosphatidic  acid, 
LPS  lipopolysaccharide,  PMA 
phorbol  12-myristate  13-acetate, 
SIP  sphingosine  1 -phosphate, 
BIP  bisindolyimalimide 
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shown  to  induce  KLF5  expression  [53,  54].  Furthermore, 
sphingosine  1 -phosphate  (SIP)  induces  KLF5  in  VSMCs 
and  neointimal  cells  via  Gi-protein-Ras-ERK/p38  pathway 
[55].  Lipopolysaccharide  (LPS)  is  a  bacterially-derived 
endotoxin  that  also  induces  KLF5  expression  through  ERK 
in  the  IEC-6  intestinal  epithelial  cell  line  [56].  Consis¬ 
tently,  MAPK  inhibitors  PD98059  and  U0126  inhibit  the 
KLF5  expression  [49].  These  results  strongly  support  the 
idea  that  KLF5  is  an  important  mediator  of  the  Ras-MAPK 
pathway. 

Second,  KLF5  is  regulated  by  Wnt  and  angiotensin  II  via 
the  PKC  signaling  pathway  (Fig.  2).  In  a  mouse  mammary 
epithelial  cell  line  C57MG  and  a  clone  that  overexpresses 
Wnt-1,  cDNA  subtractive  hybridization  screen  identified 
KLF5  as  one  of  the  Wnt-responsive  genes  [57].  Similar 
results  have  been  detected  in  mammary  tissues  from  a 
transgenic  mouse  overexpressing  Wnt-1  [58].  The  regula¬ 
tion  of  KLF5  by  the  Wnt-1  signaling  is  /Lcatenin-Lef/TCF- 
independent  but  related  to  PKC  [58].  Angiotensin  II,  which 
plays  a  critical  role  in  cardiovascular  remodeling,  functions 
through  KLF5,  as  knockout  of  KLF5  in  mice  attenuates 
angiotensin  Il-induced  cardiac  hypertrophy  and  fibrosis 
[59].  Consistently,  in  human  venous  SMCs  treated  with 
angiotensin  II,  the  expression  of  KLF5  is  rapidly  upregu- 
lated  at  both  the  RNA  and  protein  levels  [60].  Even  in 
growth-arrested  vascular  SMCs,  angiotensin  II  still  induces 
KLF5  expression  and  cell  proliferation  [61].  A  PKC 
inhibitor  can  block  the  KLF5  induction  by  angiotensin  II 
[61].  Finally,  PMA  and  lysophosphatidic  acid  (LPA)  may 
also  induce  KLF5  partially  through  PKC  [50,  62]. 

Third,  KLF5  is  also  a  functional  mediator  of  TGF/i.  In 
the  study  of  SM22a  regulation,  Adam  et  al.  [63]  found  that 
both  KLF5  and  KLF4  play  a  role,  and  that  they  function  by 
binding  to  a  TGF/Lcontrol  element  (TCE).  The  same  group 
further  demonstrated  an  essential  role  of  KLF5  and  the 
TCE  in  SM22a  promoter  activity  in  transgenic  mice  [64]. 


More  directly,  Guo  et  al.  [30]  found  that  KLF5  is  essential 
for  TGF/i  to  inhibit  epithelial  cell  proliferation,  although 
KLF5  alone  is  necessary  for  cell  proliferation.  The 
underlying  mechanism  is  that  TGF/i  recruits  p300  to 
acetylate  KLF5  (Fig.  2),  which  in  turn  mediates  the 
assembly  of  transcription  factors  for  the  regulation  of 
TGF/i  target  genes. 

Additionally,  KLF5  could  be  involved  in  the  retinoid/ 
retinoid  receptor  signaling.  Based  on  results  showing  an 
inhibitory  effect  of  the  synthetic  RARa-specific  agonist 
Am80  on  the  activity  of  KLF5  in  SMCs,  Fujiu  et  al.  [43] 
conducted  experiments  to  understand  how  Am80  inhibits 
KLF5.  They  found  that  Am80  inhibits  both  the  expression 
and  transcriptional  function  of  KLF5.  In  mouse  embryonic 
stem  (ES)  cells,  KLF5  appears  to  be  repressed  by  the 
Hoxal  protein,  as  knockout  of  the  Hoxal  gene  increased 
the  expression  of  KLF5  induced  by  retinoic  acid  [65]. 
Induction  of  klf5  expression  has  been  detected  in  additional 
cell  systems  receiving  different  treatments,  including 
cardiac  myocytes  undergo  apoptosis  after  endothelin-1 
treatment  [66],  bovine  endometrium  during  the  oestrous 
cycle  [67],  dimethylnitrosamine-induced  liver  fibrosis  in 
rodents  [68],  radiation-induced  vascular  injuries  in  mouse 
kidney  and  rectum  [69],  tissue  factor- triggered  blood 
coagulation  [70],  and  cultured  gastric  cancer  cell  line 
infected  with  bacteria  [71],  although  the  underlying  sig¬ 
naling  pathways  are  unknown. 

Deletion  analyses  of  the  promoter  region  of  rat  KLF5 
suggest  that  at  least  three  regions  are  important  for  KLF5 
transcription,  including  the  GC  box,  CCAAT  box,  and 
NF-1  binding  site.  Gel  mobility  shift  assays  (EMSAs) 
demonstrated  that  factors  Spl,  CBFa,  and  NF-1  bind  to  the 
KLF5  promoter  [72].  A  Spl  site  is  essential  for  a  basal 
human  KLF5  promoter  activity,  and  the  binding  of  Spl  to 
this  element  has  been  confirmed  by  EMSA  [54].  An  Egr-1 
binding  site  at  human  KLF5  promoter  is  essential  for  the 
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KLF5  induction  by  PMA  [50].  Recently,  Bialkowska  et  al. 
[73]  screened  compounds  that  regulate  the  1,959  bp  KLF5 
promoter  and  found  that  phosphoinositide  3-kinase  (PI3K) 
inhibitors  (LY294002  and  Wortmannin)  and  that  receptor 
tyrosine  kinase  (RTK)  inhibitors  (PDGFR  inhibitor  AG  17 
and  ErbB2  inhibitor  AG879)  suppresses  the  KLF5  tran¬ 
scription  in  colon  cancer  cell  lines  (Fig.  2).  Interestingly, 
AG  17  appears  to  reduce  the  KLF5  expression  through 
inhibiting  the  EGR-1  protein  expression  in  colon  cancer 
cell  lines  [73]. 

Cellular  and  physiological  function 

Cell  cycle  and  proliferation 

At  present,  the  best  known  function  of  KLF5  is  its  stimu¬ 
latory  role  in  the  proliferation  of  different  types  of  cells, 
including  fibroblasts,  epithelial  cells,  and  SMCs.  Sun  et  al. 
found  that  ectopic  expression  of  KLF5  into  NIH3T3  cells 
significantly  increased  the  rate  of  cell  proliferation  and 
caused  a  phenotype  of  transformation  in  a  soft-agar  assay 
[53].  As  described  above,  KLF5  is  upregulated  in  onco¬ 
genic  H-Ras-transformed  NIH3T3  cells  [49].  Inhibition  of 
KLF5  expression  with  KLF5-specific  small  interfering 
RNA  (siRNA)  leads  to  a  decreased  rate  of  proliferation  and 
a  significant  reduction  in  colony  formation.  Similarly, 
Nandan  et  al.  [51]  found  that  K-Ras(V12G)  also  induces 
KLF5  to  promote  the  IEC-6  intestinal  epithelial  cell  pro¬ 
liferation.  These  findings  indicate  that  elevated  KLF5 
expression  is  responsible  for  the  pro-proliferative  and 
transforming  activities  of  oncogenic  Ras  [49].  Addition¬ 
ally,  LPA  stimulates  cell  proliferation  through  inducing  the 
KLF5  expression  in  colon  cancer  cell  lines  [62]. 

Retinoids  are  known  inhibitors  of  epithelial  cell  prolif¬ 
eration.  In  the  intestinal  epithelial  cell  line  IEC-6, 
treatment  with  all-trans  retinoid  acid  (ATRA)  inhibits  cell 
proliferation  due  to  G1  cell  cycle  arrest.  It  was  noted  that 
this  inhibition  is  correlated  with  a  decrease  in  the  levels  of 
KLF5  mRNA  [74].  On  the  other  hand,  stable  overexpres¬ 
sion  of  KLF5  in  IEC-6  cells  abrogates  the  growth 
inhibitory  effect  of  ATRA  [74].  Furthermore,  ATRA 
appears  to  inhibit  cell  proliferation  only  in  human  colon 
cancer  cell  lines  that  express  a  higher  level  of  KLF5  but  not 
in  those  with  low  levels  of  KLF5.  These  studies  suggest 
that  KLF5  is  involved  in  the  inhibitory  effect  of  ATRA  on 
intestinal  epithelial  cell  proliferation  [74]. 

KLF5  promotes  cell  proliferation  through  accelerating 
the  Gl/S  and  G2/M  cell  cycle  progression.  Chen  et  al.  [40] 
reported  that  overexpression  of  KLF5  in  the  bladder  cancer 
cell  line  TSU-Prl  promotes  the  Gl/S  cell  cycle  progression 
and  tumorigenesis.  Nandan  et  al.  [51]  demonstrated  that 
KLF5  also  promotes  the  G2/M  transition  in  Ras 


transformed  fibroblasts.  In  addition  to  inducing  cyclin  D1 
and  inhibiting  p27  and  pi 5  [40],  KLF5  also  upregulates 
cyclin  B1  and  Cdc2  [75].  In  mouse  primary  cultures  of 
esophageal  keratinocytes,  KLF5  increases  cell  proliferation 
through  upregulating  EGFR  and  the  MEK/ERK  signaling 
^6] 

In  contrast,  KLF5  has  also  been  found  to  inhibit  cell 
proliferation  in  several  cancer  cell  lines  in  vitro.  For 
example,  in  the  TE2  esophageal  cancer  cell  line,  stable 
expression  of  KLF5  inhibits  cell  proliferation  [77].  Chen 
et  al.  [78]  reported  that  KLF5  inhibits  colony  formation  in 
the  DU145  and  22Rvl  prostate  cancer  cell  lines.  KLF5  has 
shown  a  growth  promoting  role  in  the  IEC-18  and  IMCE 
immortalized  intestinal  cell  line  but  a  growth  inhibitory 
role  in  several  colon  cancer  cell  lines  [79].  In  a  recent  study 
by  Guo  et  al.  [30],  KLF5  was  identified  as  a  TGF/i 
cofactor,  and  when  TGF/i  was  present,  KLF5  plays  an 
inhibitory  role  in  cell  proliferation.  The  inhibitory  effect  of 
KLF5  on  the  proliferation  of  cancer  cells  also  appears  to  be 
TGF/i-dependent  [30].  Based  on  these  observations,  KLF5 
regulates  cell  proliferation  in  a  context-dependent  manner. 

Apoptosis 

KLF5  has  an  anti-apoptosis  function.  In  leukemia,  Zhu  et  al. 
[45]  found  that  KLF5  induces  the  expression  of  survivin,  a 
survival  factor  making  cells  resistant  to  apoptosis.  Down- 
regulation  of  KLF5  by  siRNA  decreases  the  expression  of 
survivin  and  thus  makes  cells  prone  to  doxorubicin-induced 
apoptosis.  Mechanistically,  KLF5  binds  to  the  promoter 
of  survivin  gene  and  interacts  with  p53  to  abrogate 
p53-repressed  survivin  expression  [45].  KLF5  can  also 
modulate  apoptosis  in  a  p5 3 -independent  manner  [80]. 
When  KLF5  is  knocked  down  by  RNAi,  cells  become  more 
sensitive  to  5-fluorouracil  induced  apoptosis,  regardless  of 
p53  status.  KLF5  siRNA-induced  apoptosis  is  associated 
with  reduced  BAD  phosphorylation  and  with  downregula- 
tion  of  PIM1,  and  transfection  of  wild- type  (WT)  Piml  is 
sufficient  to  rescue  the  phenotype  [80].  KLF5  can  also  make 
SMCs  resistant  to  apoptosis.  Suzuki  et  al.  found  that  KLF5 
confers  apoptotic  resistance  in  vascular  lesions  through 
interacting  with  PARP-1,  a  nuclear  enzyme  important  in 
DNA  repair  and  apoptosis.  Acetylation  of  KLF5  under 
apoptotic  conditions  increases  the  interaction,  and  the 
acetylation-deficient  mutant  of  KLF5  loses  the  capability  to 
inhibit  apoptosis  [48].  Our  recent  results  suggest  that  KLF5 
can  promote  breast  epithelial  cell  survival  by  increasing  the 
MKP-1  protein  levels  [81]. 

Migration 

KLF5  promotes  the  migration  of  epithelial  cells,  which  is 
an  important  process  in  normal  epithelial  homeostasis  in 
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the  gut  and  skin  [82].  The  mechanism  involves  the 
induction  of  integrin-linked  kinase  (ILK),  which  in  turn 
activates  Cdc42  and  myosin  light  chain  to  regulate  cell 
migration  and  motility  [82],  When  KLF5  is  stably 
expressed  in  TSU-Prl  [40],  cell  migration  is  also  increased, 
as  shown  by  a  scratch  assay  (unpublished  data). 

Differentiation 

Based  on  a  large  number  of  published  papers,  it  is 
becoming  evident  that  KLF5  regulates  the  differentiation 
of  epithelial  cells,  SMCs,  and  adipocytes. 

KLF5  plays  an  essential  role  in  epithelial  differentiation 
and  homeostasis.  During  epithelial  homeostasis,  stem  cells 
divide  to  produce  progenitor  cells,  which  further  proliferate 
to  generate  the  cell  mass  for  mature  epithelia  [83].  KLF5  is 
highly  expressed  in  proliferating  epithelial  cells  such  as 
immortal  but  untransformed  epithelial  cell  lines  and  pro¬ 
liferating  primary  cultures  of  epithelial  cells,  which  mostly 
represent  progenitor  cells  [74,  78,  79,  84].  In  normal 
intestine,  KLF5  is  expressed  at  a  higher  level  in  basal 
rapidly  proliferating  cells,  but  at  a  lower  level  in  mature 
and  differentiated  cells  [59],  and  knockout  of  one  KLF5 
allele  significantly  reduced  the  size  of  villi  in  mouse 
intestine  [59].  In  another  in  vivo  study,  overexpression  of 
KLF5  in  epidermis  caused  hyperplasia  of  basal  cells  but 
lack  of  mature  skin  [85].  In  the  HaCaT  epidermal  epithelial 
cell  line  treated  with  TGF/i,  which  represents  a  model  of 
TGF/f-induced  epithelial  differentiation,  KLF5  plays  an 
essential  role  [30]. 

Although  KLF5  is  associated  with  the  proliferative 
phenotype  of  SMCs,  it  is  induced  in  activated  SMCs  to 
modulate  the  state  of  differentiation  in  response  to  injury 
and  contribute  to  vascular  regeneration  [86-88].  KLF5 
upregulates  the  expression  of  genes  involved  in  the  SMC 
differentiation,  including  SMemb/NMHC-B  [19]  and 
SM22a  [63]. 

KLF5  is  also  necessary  for  adipocyte  cell  differentia¬ 
tion.  In  3T3-L1  pre-adipocyte  cells,  which  differentiate  in 
the  presence  of  micro-molar  arsenic,  arsenite  treatment 
induces  the  expression  of  KLF5  [89].  A  role  of  KLF5  in 
adipose  differentiation  was  further  demonstrated  in  a 
mouse  model,  where  neonatal  heterozygous  KLF5  knock¬ 
out  mice  exhibit  a  marked  deficiency  in  white  adipose 
tissue  development  [46].  In  3T3-L1  preadipocytes,  KLF5 
expression  is  induced  at  an  early  stage  of  differentiation, 
which  is  followed  by  the  expression  of  PPARy2.  Consti¬ 
tutive  overexpression  of  dominant-negative  KLF5  inhibits 
adipocyte  differentiation,  whereas  overexpression  of  WT 
KLF5  induces  differentiation  even  without  hormonal 
stimulation.  Embryonic  fibroblasts  from  KLF5  (zb)  mice 
also  have  an  attenuated  adipocyte  differentiation  [46]. 
Mechanistically,  it  appears  that  KLF5  expression  is 


induced  by  C/EBP/f  and  <5,  and,  in  turn,  KLF5  acts  in 
concert  with  C/EBP fild  to  activate  the  PPARy2  expression 
[46]. 

Sternness 

Accumulated  evidence  suggests  that  KLF5  may  be  essen¬ 
tial  for  self-renewal  of  embryonic  stem  cells  (ESCs).  Jiang 
et  al.  [90]  reported  that  Klf5,  Klf4,  and  Klf2  redundantly 
maintain  mouse  ESC  self-renewal  and  pluripotency 
through  regulating  the  Nanog,  Tell,  Esrrb ,  and  Fbxol5 
expression,  and  Klf4  and  Klf5  showed  the  same  pattern  of 
expression  changes  during  the  differentiation  of  embryonic 
stem  cells  [91].  Indeed,  Parisi  et  al.  [92]  not  only  confirmed 
that  Klf5  plays  an  important  role  in  self-renewal  of  mouse 
ESCs  but  also  found  that  Klf5  knockdown  alone  causes 
differentiation  of  ESCs.  Furthermore,  constitutive  expres¬ 
sion  of  Klf5  attenuates  the  differentiation  of  ESCs,  likely 
through  direct  regulation  of  genes  involved  in  stem  cell 
renewal  including  Nanog  and  Oct3/4  [92].  Consistently, 
Ema  et  al.  [93]  demonstrated  that  homozygous  disruption 
of  Klf5  results  in  the  failure  of  ESC  and  early  embryonic 
lethality  due  to  an  implantation  defect.  Klf5  null  ESCs 
show  increased  expression  of  several  differentiation  marker 
genes  and  frequent,  spontaneous  differentiation  [93]. 
Conversely,  overexpression  of  Klf5  in  ESCs  suppressed  the 
expression  of  differentiation  marker  genes  and  maintained 
pluripotency  in  the  absence  of  extrinsic  factor  LIF  [93]. 
Recently  a  combination  of  four  transcription  factors 
including  KLF4,  Oct4,  Sox2,  and  c-Myc  was  shown  to 
reverse  differentiated  cells  to  a  pluripotent  state  [94-96]. 
Klf5  can  replace  Klf4  to  generate  induced  pluripotent  stem 
(iPS)  cells  from  differentiated  MEF  cells  in  spite  of  lower 
efficiency  [97]. 

However,  KLF5  appears  to  be  expressed  at  a  lower  level 
in  adult  stem  cells  in  vivo.  A  study  comparing  global  gene 
expression  patterns  between  isolated  hair  follicle  stem  cells 
and  non-bulge  basal  keratinocytes  showed  that  KLF5  is 
expressed  at  a  lower  level  in  stem  cells  [98].  Consistently, 
transgenic  expression  of  Tcf3,  a  component  of  the  Wnt 
signaling  pathway,  represses  differentiation  of  epidermal 
cells  by  repressing  the  expression  of  KLF5  and  other  genes 
and  inducing  the  expression  of  genes  that  are  associated 
with  an  undifferentiated  state  and  shared  by  embryonic  and 
postnatal  stem  cells  [99]. 

KLF5  mouse  models 

Mouse  models  have  been  the  most  definitive  way  to  clarify 
the  physiological  role  of  a  gene  in  development  and  dis¬ 
eases.  Several  Klf5  knockout  and  transgenic  mouse  models 
have  been  established  for  studying  KLF5  function. 
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Klf5  knockout  mice 

Based  on  the  studies  of  Klf5  knockout  mouse  models,  Klf5 
has  been  implicated  in  pathological  and  physiological 
processes  including  embryonic  development,  angiogenesis, 
adipose  tissue  development,  cartilage  degradation  during 
skeletal  development,  energy  metabolism,  and  lung 
morphogenesis. 

Conventional  Klf5  homozygous  knockout  mice  died 
before  embryonic  day  8.5,  indicating  that  Klf5  is  essential 
for  mouse  embryonic  development.  The  Klf5  heterozygous 
knockout  mice  show  diminished  levels  of  arterial-wall 
thickening,  angiogenesis,  cardiac  hypertrophy,  and  inter¬ 
stitial  fibrosis  in  response  to  external  stress,  suggesting  a 
role  of  KLF5  in  linking  external  stress  and  cardiovascular 
remodeling  [59].  The  heterozygous  KLF5  knockout  mice 
exhibit  a  marked  deficiency  in  white  adipose  tissue 
development  [46]  and  skeletal  growth  retardation  in  the 
perinatal  period  [100].  While  infection  of  WT  mice  with 
bacteria  increases  the  heights  of  colonic  crypt  and  the 
expression  of  KLF5,  the  KLF5  (zb)  mice  show  an  attenu¬ 
ated  induction  of  hyperproliferative  responses  after 
bacteria  infection  [101]. 

Recently,  Wan  et  al.  reported  a  conditional  Klf5 
knockout  mouse  model  [41].  In  this  study,  Klf5  was  found 
to  be  essential  for  lung  morphogenesis  and  function  [41]. 
When  Klf5  is  specifically  knocked  out  in  respiratory  epi¬ 
thelial  cells  in  the  fetal  lung,  lung  maturation  is  inhibited 
during  the  saccular  stage  of  development,  and  phenotypic 
abnormalities  occur  in  different  components  including  the 
respiratory  epithelium,  the  bronchiolar  smooth  muscle,  and 
the  pulmonary  vasculature.  Mice  with  both  Klf5  alleles 
knocked  out  die  of  respiratory  distress  immediately  after 
birth  [41].  A  set  of  genes  are  abnormally  regulated  by  the 
knockout  of  KLF5  [41]. 

Klf5  transgenic  (Tg)  mice 

Besides  knockout  mouse  models,  two  tissue-specific  Klf5 
Tg  mouse  models  have  been  developed  [85,  102].  Klf5  has 
been  found  to  regulate  esophageal  basal  epithelial  cell 
proliferation  and  sternness  of  epidermis. 

Klf5  has  been  shown  to  promote  basal  epithelial  cell 
proliferation  but  is  not  sufficient  to  produce  tumors  [102]. 
Using  the  ED-L2  promoter  of  the  Epstein-Barr  virus, 
Goldstein  et  al.  expressed  KLF5  throughout  esophageal 
epithelia  in  mice,  and  examined  the  role  of  KLF5  in  the 
proliferation  of  esophageal  cells.  While  there  was  no  evi¬ 
dence  of  esophageal  dysplasia  or  cancer,  staining  for 
bromodeoxyuridine  (BrdU)  demonstrated  increased  pro¬ 
liferation  in  basal  cells  but  not  in  suprabasal  cells,  and  did 
not  appear  to  affect  the  differentiation  of  esophageal  epi¬ 
thelium  [102]. 


KLF5  has  a  role  in  the  homeostasis  of  epidermis  and 
skin  morphogenesis.  Expression  of  KLF5  is  at  relatively 
higher  levels  in  keratinocytes  throughout  the  adult  human 
epidermis.  Expression  is  stronger  in  the  matrix  and  the 
inner  root  sheath  cuticle  layer  of  the  hair  follicle,  sebaceous 
glands,  and  sweat  glands  [44].  Using  the  keratin  5  pro¬ 
moter,  Sur  et  al.  [85]  specifically  expressed  KLF5  in  the 
basal  layer  of  the  epidermis,  and  demonstrated  that  KLF5 
affects  epidermal  development  and  disrupts  epithelial- 
mesenchymal  interactions  necessary  for  skin  adnexae  for¬ 
mation  as  well  as  craniofacial  morphogenesis  during 
embryogenesis.  The  transgenic  mice  exhibit  exencephaly, 
craniofacial  defects,  persistent  abdominal  herniation,  and 
ectodermal  dysplasia.  In  addition,  the  epidermis  is  hypo¬ 
plastic  and  undergoes  abnormal  differentiation  with 
expression  of  keratin  8,  a  marker  for  single-layered  epi¬ 
thelia,  in  the  stratified  epidermis.  Overexpression  of  KLF5 
in  adult  mice  leads  to  hyperkeratosis,  follicle  occlusion, 
and  epidermal  erosions.  Furthermore,  a  decrease  in  stem 
cell  population  of  bulge  keratinocytes  has  been  noticed,  as 
characterized  by  the  expression  pattern  of  integrin  a6  and 
CD34  markers. 

Taken  together,  these  in  vivo  studies  using  the  knockout 
and  transgenic  techniques  support  an  important  role  of 
KLF5  in  embryonic  and  tissue  development  through  reg¬ 
ulating  cell  proliferation,  differentiation,  and  sternness. 

KLF5  and  diseases 

Cancer 

Expression  of  KLF5  was  found  to  be  abnormal  in  many 
cancer  types.  Functional  studies  also  support  that  KLF5  is 
an  important  cancer-related  gene  (Table  3).  Based  on  its 
positive  role  in  cell  proliferation  and  survival,  KLF5  has 
been  suggested  to  be  oncogene.  However,  some  genetic, 
expression,  and  functional  studies  imply  that  KLF5  could 
be  a  tumor  suppressor  under  some  scenarios.  It  is 
attempting  to  speculate  that  KLF5  has  context-dependent 
functions  in  carcinogenesis. 

The  KLF5  gene  undergoes  frequent  genetic  alteration  in 
different  cancer  types  including  prostate,  breast,  and  sali¬ 
vary  gland  tumors.  The  KLF5  gene  is  rarely  mutated  in  a 
large  number  of  prostate  and  breast  cancer  cell  lines  [78, 
84].  The  KLF5  gene  locus  (13q21)  is  the  second  most 
frequent  deletion  in  different  types  of  human  cancers 
according  to  a  large  number  of  comparative  genomic 
hybridization  (CGH)  studies  [103].  The  deletion  of  13q21 
associates  with  metastases  and  higher  tumor  grade  in 
prostate  cancer  [78,  104-107].  Analysis  of  human  tumors 
demonstrated  that  KLF5  centers  the  deletion  at  13q21  in 
prostate  cancer.  The  majority  of  KLF5  deletions  in  prostate 
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Table  3  The  role  of  KLF5  in  different  types  of  cancer 

Cancers 

Genetic  and  expression 

Function 

References 

Intestine  and  colon 

mRNA  expression  is  decreased  in  APCmin 
mouse  adenomas  and  familial 
adenomatous  polyposis 

Promotes  cell  proliferation 

[51,  73,  74,  79,  101] 

Breast 

Gene  copy  number  loss.  mRNA  is  low  in 

ER  +  cancer  cell  lines,  high 
in  ER-tumors 

Promotes  MCF7  xenograft  growth 

[36,  84,  110] 

Prostate 

Gene  copy  number  loss.  mRNA  is  lost  in 
some  cancer  cell  lines 

Overexpression  in  some  prostate  cancers 

Inhibits  DU  145  and  22Rvl  colony 
formation 

[78,  111] 

Bladder 

mRNA  is  upregulated  and  downregulated 
in  cancer  cell  lines  but  not  in  tumor 
samples 

Promotes  TSU-Prl  xenograft  growth 

[20,  40] 

Leukemia 

mRNA  is  upregulated  and  downregulated 
in  cancer  cell  lines  and  acute 
lymphoblastic  leukemia  by  Northern 
blot 

Promotes  EU-4  resistance  to  doxorubicin 

[45] 

Esophageal 

mRNA  level  is  high  in  stem-like  cancer 
cells  by  qRT-PCR 

Inhibits  cell  proliferation,  survival,  and 
invasion.  Promotes  basal  cell 
proliferation  in  KLF5  Tg  mice 

[77,  102,  112] 

Salivary  gland 

Gene  copy  number  gain  by  CGH 

[108] 

Gastric  cancer 

Protein  expression  is  high  in  early-staged, 
lymph  node  metastasis  negative,  and 
small  sized  tumors  by  IHC 

[109] 

Nasopharyngeal 

mRNA  is  down-regulated  by  microarray 

[138], 

Melanoma 

mRNA  is  down-regulated  in  two  Ras 
mutated  cancer  cell  lines  by  microarray 

[139] 

cancer  are  hemizygous  deletion  equivalent  to  haploinsuf- 
ficiency  [59],  which  inactivates  KLF5  by  reducing  KLF5 
expression.  Consistently,  KLF5  is  excessively  degraded  in 
human  cancer  cell  lines  by  overexpressed  WWP1  E3  ligase 
[31-33].  However,  a  chromosomal  region  at  13q  spanning 
the  KLF5  locus  appears  to  be  amplified  in  some  salivary 
gland  tumors,  as  detected  by  CGH  [108].  Thus,  while 
deletion  at  KLF5  is  frequent,  it  can  also  be  amplified  in 
human  cancer. 

Consistent  with  the  genetic  alterations,  frequent 
expression  aberrations  for  KLF5  have  been  well  docu¬ 
mented.  Chen  et  al.  [78,  84]  found  that  the  expression  of 
KLF5  mRNA  is  frequently  reduced  or  absent  in  many  cell 
lines  from  both  breast  cancer  and  prostate  cancer  compared 
to  immortalized  cell  lines.  Similarly,  in  intestinal  tumors 
and  adenomatous  polyposis  adenomas,  reduced  expression 
of  KLF5  mRNA  occurs  [79].  Even  in  Ras-mediated 
transformation  of  IEC-18  and  IMCE  cells,  KLF5  is  mark¬ 
edly  downregulated  [79].  In  another  study,  analysis  of  247 
gastric  carcinomas  by  immunohistochemical  staining 
showed  that  KLF5  is  expressed  in  46%  (113/247)  of  tumor 
tissues,  and  expression  of  KLF5  is  more  frequently  detec¬ 
ted  in  early  stage  tumors  than  in  late  stage  tumors  (63  vs. 
38%),  in  tumors  without  lymph  node  metastasis  (54  vs. 
40%),  and  in  tumors  smaller  than  5  cm  in  size  (53  vs.  38%) 


[109].  In  contrast,  Tong  et  al.  [110]  examined  the  expres¬ 
sion  of  KLF5  mRNA  by  qPCR  in  breast  cancer,  and  found 
a  significant  correlation  between  increased  KLF5  expres¬ 
sion  and  reduced  disease-free  and  overall  survival  in 
patients  with  breast  cancer.  KLF5  expression  also  appears 
to  positively  correlate  with  HER-2  and  MKI67  markers  of 
breast  cancer  and  negatively  correlate  with  patient  age  at 
diagnosis  [110].  In  human  prostate  cancer  tissues,  Chaib 
et  al.  [Ill]  reported  that  KLF5  mRNA  is  upregulated  in 
prostate  cancers  compared  to  normal  tissues.  Stem-like 
esophageal  cancer  cells,  as  defined  by  the  side  population, 
have  a  higher  level  of  KLF5  expression  than  other  cells 
[112].  More  independent  studies  in  primary  tumors  with 
different  approaches  are  required  to  clarify  these  incon¬ 
sistent  results.  Nevertheless,  the  expression  of  KLF5  in 
tumors  appears  to  be  altered  during  tumor  development. 

Functional  studies  in  vitro  have  shown  inconsistent  results 
in  different  cell  lines.  For  example,  in  the  TSU-Prl  bladder 
cancer  cell  line,  expression  of  KLF5  promotes  cell  prolif¬ 
eration  [40].  Consistently,  KLF5  promotes  survival  and  drug 
resistance  in  the  HCT116  colon  cancer  cell  line  [80].  Fur¬ 
thermore,  knockdown  of  KLF5  could  inhibit  the 
multicellular  tumor  spheroid  formation  in  vitro  [113].  In 
contrast,  KLF5  has  shown  a  growth  inhibitory  function  in 
vitro  in  some  cancer  cell  lines  tested,  including  those  from 
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the  colon  [79]  and  prostate  [78].  In  the  TE2  esophageal 
cancer  cell  line,  which  was  derived  from  a  poorly  differen¬ 
tiated  esophageal  squamous  carcinoma,  stable  expression  of 
KLF5  inhibits  cell  proliferation  and  invasion,  and  decreases 
cell  survival  [77]. 

Several  in  vivo  studies  suggest  that  KLF5  promotes 
tumorigenesis.  Chen  et  al.  [40]  directly  demonstrated  that 
expression  of  KFF5  promotes  TSU-Prl  bladder  cancer 
cell  line  tumorigenesis  in  SCID  mice.  Similarly,  expres¬ 
sion  of  KLF5  in  the  MCF7  breast  cancer  cell  line  also 
promotes  xenograft  growth  in  nude  mice  in  the  presence 
of  estrogen  (unpublished  results).  Shindo  et  al.  showed 
that  the  angiogenesis  of  transplanted  sarcoma  180  is 
attenuated  in  the  Klf5  (zb)  mice  [59].  Similarly,  the  crypt 
cell  proliferation  in  the  colon  in  response  to  pathogenic 
bacterial  infection  is  also  reduced  in  the  Klf5  (zb)  animals 
[101].  Consistently,  Klf5  promotes  esophageal  basal  epi¬ 
thelial  cell  proliferation  although  it  is  not  sufficient  to 
produce  tumors  [102].  Based  on  these  in  vivo  research 
results,  KFF5  could  have  context-dependent  functions  in 
oncogenesis. 

Based  on  the  recent  discovery  of  KFF5  as  an  essential 
cofactor  for  TGF/i  in  epithelial  cells  [30],  it  is  likely  that 
the  role  of  KLF5  in  tumorigenesis  is  similar  to  that  of 
TGF/f  signaling,  being  a  tumor  suppressor  in  early  stage 
but  a  tumor  promoter  in  late  stage  tumorigenesis  [1 14— 
116].  We  are  currently  addressing  this  outstanding  question 
using  knockout  mouse  models. 

Cardiovascular  diseases 

KLF5  has  been  best  studied  in  the  physiology  and 
pathology  of  VSMCs.  Based  on  a  large  number  of 
expression  and  functional  analyses,  KLF5  contributes  to  all 
VSMC-related  diseases,  such  as  atherosclerosis,  restenosis 
after  angioplasty,  cardiac  hypertrophy,  and  hypertension, 
by  regulating  the  expression  of  genes  including  SMemb/ 
NMHC-B,  SM22a,  Egr-1,  PDGF,  and  others  (Table  1). 

KEF5  is  preferentially  expressed  in  proliferating  SMCs 
but  reduced  in  differentiated  cells  under  physiological  and 
pathological  conditions.  It  has  been  reported  that  KEF5  is 
abundantly  expressed  in  embryonic  smooth  muscles  and  is 
downregulated  with  vascular  development  [117,  118]. 
Consistently,  KEF5  is  abundantly  expressed  in  fetal  but  not 
in  adult  aortic  SMCs  of  humans  and  rabbits  [119].  The 
expression  of  KEF5  is  increased  in  the  neointimal  smooth 
muscles  in  response  to  vascular  injury  [118].  In  atherec¬ 
tomy  specimens  from  primary  and  restenotic  lesions, 
predominant  expression  of  KEF5  was  detected  in  SMCs.  In 
addition,  restenotic  lesions  expressing  higher  levels  of 
KLF5  show  higher  incidence  of  restenosis  than  lesions 
without  [119].  In  cultured  SMCs  from  atherectomy  speci¬ 
mens  obtained  from  patients  with  coronary  restenosis  after 


angioplasty,  Sakamoto  et  al.  [120]  also  found  a  correlation 
between  KEF5  expression  and  SMC  activity  in  outgrowth. 

KEF5  also  plays  a  role  in  the  development  of  cardiac 
allograft  vascular  disease.  In  rats,  Ogata  et  al.  performed 
heterotopic  cardiac  transplantation,  and  examined  KLF5 
expression  by  IHC  in  all  grafts.  From  4  to  8  weeks  after 
transplantation,  SMCs  showed  positive  staining  for  KFF5 
in  diffusely  thickened  coronary  arteries  and  the  perivas¬ 
cular  space,  and  the  level  of  KFF5  expression  was 
significantly  higher  in  allografts  compared  to  isografts 
[121].  Using  a  heterotopic  abdominal  heart  transplant 
model  in  monkeys,  Wada  et  al.  [122]  showed  that  KFF5 
and  Egr-1  are  induced  in  VSMCs  of  rejected  cardiac 
allografts  well  before  morphologic  changes,  such  as  intimal 
thickening,  can  be  detected,  suggesting  that  expression  of 
KLF5  is  one  of  the  initial  events  in  allograft  angiopathy. 

Additional  studies  provide  direct  evidence  for  the  role  of 
KLF5  in  the  modulation  of  cardiac  hypertrophy  and 
hypertension.  Angiotensin  II  plays  a  critical  role  in  car¬ 
diovascular  remodeling  through  KLF5,  as  knockout  of 
KLF5  in  mice  attenuates  angiotensin  Il-induced  cardiac 
hypertrophy  and  fibrosis  [59].  Knockout  of  KEF5  also 
diminishes  levels  of  smooth  muscle  and  adventitial  cell 
activation  [59].  In  a  spontaneous  hypertensive  rat  model, 
VSMCs  change  to  the  synthetic  phenotype,  which  involves 
the  complement  3  (C3)  gene.  Yao  et  al.  [123]  found  that  C3 
increases  the  transcription  of  KEF5  in  SMCs. 

Other  diseases 

KLF5  may  play  a  role  in  inflammatory  diseases.  The  pro- 
inflammatory  factors  TNFa  and  EPS  induce  KLF5 
expression  in  human  umbilical  vein  endothelial  cells, 
venous  SMCs,  and  intestinal  epithelial  cells  [60,  124].  The 
expression  induction  of  monocyte  chemoattractant  protein- 
1  (MCP-1)  by  TNFa  depends  on  KLF5,  as  knockdown  of 
KLF5  by  RNAi  inhibits  the  effect  of  TNFa  on  MCP-1 
expression  [124].  Similarly,  knockdown  of  KFF5  by  RNAi 
reduced  the  expression  of  p50  and  p65  subunits  of  NF-/cB 
and  its  downstream  target  genes,  TNFa  and  IF-6,  in 
response  to  EPS  [56].  Finally,  KLF5  has  been  shown  to 
directly  interact  with  NF-/cB  in  epidermal  epithelial  cells 
[44]. 

KFF5  may  also  have  a  role  in  obesity.  Recently,  a  role 
of  KLF5  in  energy  metabolism  has  been  established.  Oishi 
et  al.  [38]  found  that  mice  with  one  Klf5  allele  knocked  out 
are  resistant  to  high  fat-induced  obesity  despite  consuming 
more  food  than  WT  mice.  This  effect  appears  to  be  med¬ 
iated  by  the  function  of  KFF5  in  gene  regulation,  as 
expression  of  genes  involved  in  lipid  oxidation  and  energy 
uncoupling  is  upregulated  in  Klf5  (zb)  mice. 

Involvement  of  KLF5  in  additional  pathological  pro¬ 
cesses  has  also  been  reported.  During  intestinal  obstruction, 
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which  causes  dramatic  phenotypic  changes  in  intestine 
smooth  muscles,  expression  of  KLF5  initially  increases  but 
then  decreases  [125].  KLF5  is  among  the  genes  downreg- 
ulated  in  human  tissues  from  ulcerative  colitis,  an 
inflammatory  bowel  disease  [126].  In  addition,  KLF5  could 
be  involved  in  the  pathophysiology  of  schizophrenia  [23]. 

Conclusions 

In  summary,  KLF5  is  an  essential  transcription  factor  that 
regulates  the  transcription  of  a  large  number  of  genes  in  dif¬ 
ferent  contexts.  The  transcription  of  KLF5  itself  is  also 
regulated  by  different  signaling  pathways,  including  MAPK, 
PKC,  and  PI3  K,  generally  with  an  increased  expression 
during  cell  proliferation  and  a  decreased  expression  during 
differentiation,  although  it  is  also  necessary  for  signaling- 
induced  differentiation.  Different  protein  modifications 
including  phosphorylation,  acetylation,  ubiquitination,  and 
sumoylation,  which  could  be  mediated  by  different  signaling 
pathways,  occur  on  KLF5  protein  and  regulate  its  transacti¬ 
vation  activities  and  expression  levels.  Biologically,  KLF5 
appears  to  be  essential  not  only  for  the  proliferation  of  dif¬ 
ferent  types  of  cells  including  stem  and  progenitor  cells  but 
also  for  the  differentiation  of  progenitor  cells,  which  likely 
underlies  the  function  of  KLF5  in  such  physiologic  and 
pathologic  processes  as  epithelial  homeostasis,  development, 
tumorigenesis,  cardiovascular  remodeling,  inflammation,  and 
apoptosis.  The  expression  of  KLF5  is  frequently  altered  in 
human  diseases,  including  cancer  and  cardiovascular  diseases. 

Perspectives 

Although  KLF5  is  a  key  transcription  factor  involved  in 
multiple  signaling  cascades,  whether  the  KLF5  pathway 
can  be  developed  as  a  diagnostic  tool  and  a  therapeutic 
target  remains  to  be  elucidated.  It  is  important  to  further 
understand  KLF5  regulation  and  mechanisms  of  action 
under  physiological  and  pathological  conditions,  to 
develop  reagents  and  methods  to  accurately  and  conve¬ 
niently  measure  KLF5  expression  and  activity  changes  in 
pathological  specimens,  and  to  develop  treatments  target¬ 
ing  the  KLF5  pathway. 

Although  our  biochemical  and  cellular  knowledge  of 
KLF5  has  rapidly  increased  in  the  last  decade  as  reviewed 
above,  the  roles  of  KLF5  in  normal  tissue  development  and 
disease  progress  are  still  far  from  clear.  The  ubiquitous 
expression  of  KLF5  in  different  types  of  cells  and  tissues, 
the  diversified  posttranslational  modifications  and  inter¬ 
acting  proteins,  the  numerous  context-dependent  target 
genes,  and  redundancy  among  the  KLF5  family  members 
contribute  to  the  complexity  of  KLF5  study.  It  is  important 


to  develop  inducible  and  tissue-specific  animal  models  of 
KLF5  expression  for  human  diseases  because  KLF5  is 
temporally  and  spatially  regulated  under  physiological  and 
pathological  conditions. 

KLF5  has  potential  as  a  biomarker  for  diagnosis  and 
prognosis  in  cancers  and  cardiovascular  diseases.  The 
expression  of  KLF5  mRNA  associates  with  reduced  survival 
in  patients  with  breast  cancer  [110].  KLF5  expression  also 
appears  to  correlate  positively  with  a  higher  incidence  of 
restenosis  [119].  Given  that  IHC  is  widely  used  in  the  clinic 
for  diagnosis  and  prognosis,  it  is  necessary  to  establish  the 
standard  IHC  techniques  for  KLF5  to  evaluate  the  potential 
of  KLF5  as  useful  clinical  biomarker  or  as  a  potential  stand¬ 
alone  prognostic  factor.  So  far,  KLF5  protein  expression  has 
only  been  analyzed  by  IHC  in  gastric  cancer  [109]. 

Although  multiple  anti-KLF5  antibodies  are  commer¬ 
cially  available,  the  specificity  appears  to  be  unsatisfactory. 
Future  studies  focusing  on  accurately  measuring  KLF5 
expression  and  activity  changes  in  a  large  number  of 
pathological  specimens  will  be  necessary. 

Transcription  factors  are  usually  not  ideal  for  targeted 
therapy  using  small  molecular  inhibitors.  However,  KLF5 
directly  interacts  with  RARa  to  regulate  downstream  target 
genes  in  cardiovascular  remodeling  [127].  The  synthetic 
RARa  agonist  Am80  was  shown  to  inhibit  the  activity  of 
KLF5  [43,  118].  Acyclic  retinoid  (ACR)  also  attenuates  the 
functional  interaction  of  KLF5  and  RARa  [127].  These 
small  molecules  have  the  potential  to  be  developed  as 
drugs  for  cardiovascular  diseases.  With  the  development  of 
siRNA  delivery  technology,  anti-KLF5  siRNAs  could  also 
be  developed  into  drugs.  Additionally,  several  RTK  and 
PI3  K  small  molecular  inhibitors  (AG17,  LY294002,  and 
Wortmannin)  were  identified  as  inhibiting  KLF5  tran¬ 
scription  and  colon  cancer  cell  proliferation  by  cell-based 
high  throughput  screening  [73].  Once  the  KLF5  pathway 
is  clearly  understood,  the  positive  upstream  regulators 
(e.g.,  protein  kinases)  and  downstream  target  proteins  (e.g., 
FGF-BP)  could  be  inhibited  by  small  molecular  inhibitors 
or  monoclonal  antibodies. 
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Abstract 

The  PMEPA1  gene  has  been  shown  to  suppress  the  androgen  receptor  (AR)  and  TGFp  signaling  pathways  and  is 
abnormally  expressed  in  prostate  tumours.  However,  the  role  and  mechanism  action  of  PMEPA1  in  AR-negative 
prostate  cancer  are  unclear.  Here,  we  demonstrate  that  inhibition  of  PMEPA1  suppresses  AR-negative  RWPE1  and 
PC-3  prostate  cell  proliferation  through  up-regulating  the  p21  transcription.  Additionally,  PMEPA1  overexpression 
suppresses  the  p21  expression  and  promotes  cell  proliferation.  PMEPA1  is  induced  by  TGFp  as  a  negative  feedback 
loop  to  suppress  Smad3  phosphorylation  and  nuclear  translocation;  up-regulates  c-Myc;  down-regulates  p21; 
and  promotes  PC-3  cell  proliferation.  The  PMEPA1  functions  depend  on  its  Smad2/3  binding  motif.  Consistently, 
depletion  of  Smad3/4,  but  not  Smad2,  blocks  PMEPAI's  functions  of  regulating  c-Myc  and  p21.  Importantly, 
stable  depletion  of  PMEPA1  in  PC-3  inhibits  xenograft  growth.  Finally,  we  found  that  PMEPA1  is  overexpressed  in 
a  subset  of  prostate  cancer  cell  lines  and  tumours.  These  findings  suggest  that  PMEPA1  may  promote  AR-negative 
prostate  cancer  cell  proliferation  through  p21. 
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Introduction 

The  PMEPA1  ( TMEPA1 ,  STAG!,  ERG1.2  or 
N4WBP4 ),  prostate  transmembrane  protein,  androgen 
induced  1,  gene  is  located  at  chromosome  20ql3,  a 
region  frequently  amplified  in  multiple  solid  tumours, 
including  prostate  [1],  breast  [2],  and  colon  [3]  cancers. 
PMEPA1  has  been  shown  to  be  an  androgen-induced 
gene  predominantly  expressed  in  the  prostate  and  over¬ 
expressed  in  androgen-independent  xenografts  [4,5]. 
Consistently,  PMEPA1  mRNA  expression  is  increased 
in  a  more  malignant  prostate  cancer  PC-3  subclone  [6]. 
In  agreement  with  the  20ql3  amplification,  PMEPA1  is 
overexpressed  in  breast  and  ovarian  cancers  [5],  colon 
cancer  [7-9],  renal  cell  carcinoma  [9],  and  stomach 
adenocarcinoma  [9].  Besides  androgen,  many  growth 
factors,  such  as  transforming  growth  factor  P  (TGFp) 
[7],  EGF,  IGF,  PDGF  [5],  and  GM-CSF  [10],  can 
induce  PMEPA1  expression. 

TGFp  is  well  known  to  play  important  roles  in 
embryo  and  cancer  development  by  controlling  cell 
growth,  differentiation,  and  migration.  TGFp  initiates 
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signaling  by  assembling  a  receptor  serine/threonine 
kinase  complex  that  phosphorylates  Smad2  and  Smad3 
[11].  Following  that,  Smad2/3  are  translocated  into  the 
nucleus  and  form  transcription  complexes  with  Smad4 
to  regulate  the  transcription  of  target  genes,  such  as 
c-Myc  [12]  and  the  cyclin-dependent  kinase  inhibitors 
p21c'i>'  (p21),  p27kipl  (p27)  [13],  and  p!5Ink4b.  Thus, 
TGFp  inhibits  normal  epithelial  cell  proliferation  and 
induces  differentiation.  Recently,  PMEPA1  mRNA  has 
been  shown  to  be  induced  by  TGFp  [7,14-16].  Inter¬ 
estingly,  PMEPA1  has  been  suggested  to  suppress 
TGFP  signaling  through  binding  to  Smad2/3  and  pre¬ 
venting  them  from  phosphorylation  by  the  TGFp  recep¬ 
tor  kinase  complex  [15]. 

However,  PMEPA1  has  also  been  shown  to  have 
tumour  suppressor  activities.  For  example,  PMEPA1 
was  reported  to  mediate  p53-dependent  apoptosis  [17] 
and  to  inhibit  prostate  cancer  cell  colony  formation 
in  vitro  [18,19].  Xu  et  al  reported  that  the  PMEPA1 
mRNA  levels  are  down-regulated  in  a  subset  of 
prostate  tumours  [18].  Recently,  PMEPA1  has  been 
shown  to  suppress  androgen  receptor  (AR)-positive 
LNCaP  prostate  cell  proliferation  through  recruiting 
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the  NEDD4  ubiquitin  E3  ligase  to  target  AR  for 
degradation  [19].  Thus,  the  physiological  function  and 
mechanistic  action  of  PMEPA1  in  prostate  cancer  are 
controversial. 

In  this  study,  we  show  that  PMEPA1  promotes  AR- 
negative  prostate  cancer  cell  proliferation  and  tumouri- 
genesis  through  suppressing  the  expression  of  p21. 
PMEPA1  directly  decreases  Smad3  nuclear  transloca¬ 
tion  in  the  absence  and  presence  of  TGF|3  in  PC-3. 
Depletion  of  Smad3  or  Smad4  abrogates  PMEPAl’s 
regulation  on  c-Myc  and  p21  expression.  Myc  par¬ 
tially  contributes  to  PMEPA1 -induced  p21  transcrip¬ 
tion  suppression.  Finally,  the  PMEPAip  protein  is 
overexpressed  in  a  subset  of  prostate  cancers.  These 
new  findings  suggest  that  PMEPA1  promotes  AR- 
negative  prostate  cell  proliferation  through  suppressing 
the  Smad3/4-c-Myc-p21  signaling  pathway. 


Materials  and  methods 
Cell  lines 

The  AR-negative  immortalized  RWPE1  prostate  epithe¬ 
lial  cell  line  [20]  and  the  PC-3  prostate  cancer  cell 
line  [21]  were  purchased  from  American  Type  Cul¬ 
ture  Collection  (ATCC).  RWPE1  was  maintained  in 
DMEM/Ham’s  F-12  50/50  medium  supplemented  with 
5%  horse  serum,  0.5  pg/ml  hydrocortisone,  10  qg/ml 
insulin,  20  ng/ml  epidermal  growth  factor  (EGF), 
0.1  qg/ml  cholera  enterotoxin,  1%  penicillin  and  strep¬ 
tomycin  (PS),  and  2  mm  L-glutamine.  PC-3  was  cul¬ 
tured  in  Ham’s  12-K  medium  containing  5%  fetal 
bovine  serum  (FBS),  1.5  g/1  sodium  bicarbonate,  and 
1%  PS.  HEK293FT  cells  were  cultured  in  DMEM  con¬ 
taining  5%  FBS  and  1%  PS.  All  cells  were  maintained 
in  a  humidified  atmosphere  with  5%  CO2  at  37  °C. 

Transfection 

All  siRNAs  and  plasmids  were  transfected  into  cells 
using  Lipofectamine  2000  (Invitrogen,  Carlsbad,  CA, 
USA).  The  siRNA  target  sequences  are  provided  in  the 
Supporting  information,  Supplementary  Table  1.  The 
pre-designed  siRNAs  were  purchased  from  Ambion, 
Inc  (Austin,  TX,  USA).  The  luciferase  control  siRNA 


was  synthesized  by  Thermo  Fisher  Scientific  Inc  (Dhar- 
macon,  Lafayette,  CO,  USA).  The  final  siRNA  concen¬ 
tration  was  20  nm. 

Antibodies 

The  anti-PMEPAl  antibody  was  purchased  from  Novus 
Biologicals,  Inc  (Littleton,  CO,  USA);  the  anti-c- 
Myc  antibody  was  from  Santa  Cruz  Biotechnology, 
Inc  (Santa  Cruz,  CA,  USA);  and  the  anti-p27  anti¬ 
body  was  from  BD  Bioscience  (San  Jose,  CA,  USA). 
The  anti-p21,  anti-Smad3,  anti-pSmad3S423y/425 ,  anti- 
Smad2,  anti-Samd4,  anti-a/p-tubulin,  anti-PARP  anti¬ 
bodies,  and  all  secondary  antibodies  were  from  Cell 
Signaling  (Danvers,  MA,  USA). 

PMEPA1  immunohistochemistry  (IHC)  staining 

The  anti-PMEPAl  antibody  (Novus;  1 : 150  dilution) 
was  used  for  IHC  after  validation  and  optimization 
using  PMEPA1  knockdown  PC3  cells.  A  high-density 
(114  cases/208  cores)  prostate  adenocarcinoma  (grade 
1-4)  and  normal  prostate  tissue  array  were  pur¬ 
chased  from  US  Biomax  (Rockville,  MD,  USA). 
The  pathology  diagnosis  and  grade  information  for 
93  primary  prostate  tumours  are  available  online 
(http://www.biomax.us/tissue-arrays/Prostate/ 
PR2085a).  Antigens  were  retrieved  by  boiling  the  slide 
in  0.1  m  Tris-HCl,  pH  9.0  buffer  for  5  min.  A  standard 
DAB  staining  protocol  was  used.  Immunostained  slides 
were  scored  using  the  ‘Allred  score’  method  [22].  This 
study  was  approved  by  IRB  at  Albany  Medical  College. 

Lentiviral  shRNA  and  cDNA  transduction 

A  lentiviral  pSIH-Hl-Puro  vector  was  used  to  express 
shRNAs  by  following  the  manufacturer’s  manual. 
The  PMEPA1  shRNAs  were  designed  according  to 
the  PMEPA1  siRNA  target  sequences.  The  luciferase 
shRNA  was  used  as  a  negative  control.  The  human 
PMEPA1  gene  was  amplified  with  the  pfu  enzymes 
by  PCR.  The  PCR  products  were  digested  by  BamH 
l/Xho  I,  subcloned  into  the  pLenti6/V5-D-TOPO  vec¬ 
tor  (Invitrogen),  and  verified  by  DNA  sequencing. 
The  PPNR  residues  were  replaced  with  AAAA  in 
PMEPAlp-PPNRm  by  using  a  PCR-mediated  mutage¬ 
nesis  method.  The  PCR  primer  sequences  used  in  this 


Table  1.  The  PMEPA1  IHC  results 


Allred  scores* 

Normal 

Adjacent 

Grade  1 

Grade  2 

Grade  3 

Grade  4 

Negative  (0-2) 

7 

5 

7 

12 

9 

14 

Weak  (3-4) 

2 

4 

4 

2 

11 

5 

Medium  (5-6) 

1 

1 

4 

8 

6 

3 

Strong  (7-8) 

0 

0 

1 

0 

6 

1 

All  positive 

3  (30%) 

5  (50%) 

9  (56%) 

10  (45%) 

23  (72%)+ 

9  (390/o) 

Total 

10 

10 

16 

22 

32 

23 

*The  'Allred  score1  method  [22]:  a  proportion  score  was  assigned  representing  the  estimated  proportion  of  positive  staining  tumour  cells  (0  =  none;  1  <  1/100; 
2  =  1/100  to  1/10;  3  =  1/10  to  1/3;  4  =  1/3-2/3;  5  =  >2/3).  The  average  estimated  intensity  of  staining  in  the  positive  cells  was  assigned  an  intensity  score  (0  = 
none;  1  =  weak;  2  =  intermediate;  3  =  strong).  The  proportion  score  and  intensity  score  were  added  to  obtain  a  total  score  ranging  from  0  to  8.  Based  on  the  total 
score,  the  case  was  defined  as  negative  (0-3),  weak  positive  (4-5),  intermediate  positive  (6),  or  strong  positive  (7-8).  Tumours  that  were  positive  for  PMEPA1  were 
defined  as  having  a  score  greater  than  3.  +p  <  0.05,  Fisher's  exact  test  compared  with  normal  and  adjacent  prostate  tissues. 
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study  are  listed  in  the  Supporting  information,  Supple¬ 
mentary  Table  2.  The  pLenti6/V5-GW//acZ  vector  was 
used  as  a  negative  control. 

All  lentiviral  plasmids  and  the  packing  plasmids 
were  co-transfected  into  HEK293FT  cells  using  Lipo- 
fectamine  2000.  Lenti viruses  were  collected  at  72  h 
after  transfection  and  used  to  transduce  PC-3  cells 
in  a  24-well  plate.  Twenty-four  hours  after  trans¬ 
duction,  blasticidin  (15  |ag/ml)  (for  the  pLenti6  sys¬ 
tem)  and  puromycin  (2  |Ltg/ml)  (for  the  pSIH-Hl-Puro 
shRNA  system)  were  added  to  select  drug-resistant  cell 
populations. 

Tumourigenesis  in  nude  mice 

Twelve  5-  to  6-week-old  male  SCID  hairless  outbred 
(SHO)  mice  (Charles  River,  Wilmington,  MA,  USA) 
were  used  for  this  study  (six  mice  for  each  group).  Two 
and  a  half  million  PC-3  (Lucsh  and  PMEPAI sh#2)  cells 
per  site  (two  sites  for  each  mouse)  were  subcutaneously 
injected  into  the  SHO  mice.  The  tumour  volume  was 
measured  once  a  week  from  day  14.  The  tumour 
volume  was  calculated  as  tt/6  x  length  x  width2.  All 
mice  were  sacrificed  at  day  70  and  the  final  tumour 
weights  were  recorded. 


Results 

PMEPAI  depletion  inhibits  cell  proliferation 
and  blocks  the  Gl/S  cell  cycle  transition 

Two  different  siRNAs  targeting  different  regions  of 
PMEPAI  mRNA  were  used  to  knock  down  PMEPAI  in 
two  AR-negative  prostate  cell  lines  including  RWPE1 
and  PC-3  (Figure  1A).  DNA  synthesis  was  dramati¬ 
cally  suppressed  in  both  cell  lines.  To  test  whether 
knockdown  of  PMEPAI  alters  the  cell  cycle,  we  exam¬ 
ined  the  PC- 3  cell  cycle  by  flow  cytometry.  As  shown 
in  Figure  IB,  knockdown  of  PMEPAI  significantly 
decreased  cells  in  the  S  phase  and  increased  cells  in  the 
G1  phase  simultaneously.  Thus,  it  appears  that  deple¬ 
tion  of  endogenous  PMEPAI  inhibits  cell  proliferation 
through  blocking  the  Gl/S  cell  cycle  transition. 

Depletion  of  endogenous  PMEPAI  inhibits  cell 
proliferation  through  up-regulating  p21  expression 

Since  knockdown  of  PMEPAI  blocks  the  Gl/S  cell 
cycle  transition,  the  expression  levels  of  several  cell 
cycle  proteins,  including  cyclin  Dl,  cyclin  Bl,  p21, 
p27,  and  pl5Ink4b,  were  examined  by  immunoblotting 
in  RWPE1  and  PC-3.  The  p21  protein  expression  lev¬ 
els  were  up-regulated  by  both  PMEPAI  siRNAs  in  both 
cell  lines  (Figure  2A).  The  p27  expression  levels  were 
only  significantly  up-regulated  in  RWPE1  but  not  in 
PC-3  (Figure  2A).  Other  proteins  did  not  show  signifi¬ 
cant  expression  changes  (data  not  shown).  In  addition, 
PMEPAI  depletion  also  up-regulated  the  p21  protein 
levels  in  HeLa  (Supporting  information,  Supplemen¬ 
tary  Figure  1A).  However,  PMEPAI  knockdown  did 
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not  up-regulate  the  p21  protein  levels  in  AR-positive 
22Rvl  and  LNCaP  prostate  cancer  cell  lines  (data  not 
shown). 

To  characterize  the  primary  mechanism  by  which 
PMEPAI  regulates  p21  protein  expression  in  prostate 
cells,  we  examined  p21  mRNA  expression  by  qRT- 
PCR  and  found  that  both  PMEPAI  siRNAs  up- 
regulated  the  p21  mRNA  levels  in  RWPE1  and  PC-3 
(Figure  2B).  PMEPAI  did  not  affect  degradation  of 
p21  mRNA  and  protein  (Supporting  information,  Sup¬ 
plementary  Figures  IB  and  1C).  These  results  indicate 
that  PMEPAI  may  regulate  p21  gene  transcription. 

p21  and  p27  are  well-known  tumour  suppressors  that 
inhibit  Gl/S  cell  cycle  progression  and  cell  prolifer¬ 
ation.  To  test  whether  PMEPAI  depletion  suppresses 
cell  proliferation  through  up-regulating  p21  and  p27 
in  prostate  cells,  we  depleted  p21  and  p27  respec¬ 
tively  in  both  RWPE1  and  PC-3  (Figure  2C)  and  exam¬ 
ined  whether  PMEPAI  knockdown  can  still  inhibit 
DNA  synthesis.  Importantly,  depletion  of  p21,  but 
not  p27,  completely  rescued  the  PMEPAI  knockdown- 
induced  decrease  in  DNA  synthesis  (Figure  2D).  The 
same  results  were  obtained  from  another  p21  siRNA 
in  both  cell  lines  (Supporting  information,  Supple¬ 
mentary  Figure  2).  These  results  suggest  that  knock¬ 
down  of  PMEPAI  inhibits  cell  proliferation  through 
up-regulating  p21  in  AR-negative  prostate  cells  (Sup¬ 
porting  Information,  Supplementary  Materials  and 
Methods). 

PMEPAI  overexpression  down-regulates  p21 
and  promotes  cell  proliferation 

To  further  confirm  that  PMEPAI  regulates  p21  gene 
expression  in  prostate  cells  and  to  characterize  the 
possible  mechanism  by  which  PMEPAI  regulates  p21 
protein  expression,  we  overexpressed  wild-type  (WT) 
PMEPAI  (p  and  a,  Figure  3 A)  in  PC-3.  Multiple 
bands  for  exogenous  PMEPAI  were  detected  pos¬ 
sibly  because  of  glycosylation  [5]  and  alternative 
translation  initiation  sites  [9].  As  expected,  PMEPAI 
decreased  p21  protein  expression  levels,  compared 
with  the  LacZ  control  in  PC-3  (Figure  3B).  PMEPAI |3 
is  more  potent  than  PMEPAI  a,  which  has  a  shorter 
N-terminal  fragment  before  the  transmembrane  (TM) 
domain  (Figure  3 A).  Moreover,  PMEPAI |3  overexpres¬ 
sion  can  rescue  the  PMEPAI  siRNA-induced  p21 
protein  expression  in  PC-3  (Supporting  information, 
Supplementary  Figure  3 A),  suggesting  that  p21  up- 
regulation  by  the  PMEPAI  siRNA  is  specific. 

In  a  previous  study,  the  PMEPAI  a  isoform  localized 
in  punctuate  clusters  concentrated  around  the  nucleus, 
whereas  the  PMEPAI |3  isoform  was  distributed  in  a 
diffuse  pattern  in  the  cytoplasm  [7].  Watanabe  et  al 
further  demonstrated  that  PMEPAI  was  localized  in 
the  Golgi  apparatus  and  endosomes  in  MCF10A1 
cells  by  electron  microscopy  [15].  To  understand  why 
PMEPAI  p  is  more  potent  than  PMEPAI  a  for  p21 
expression  suppression,  we  examined  their  subcellular 
localizations  in  PC-3  by  direct  immunofluorescence. 
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Figure  1.  Depletion  of  PMEPA1  inhibits  AR-negative  prostate  cell  proliferation  through  blocking  the  G 1  /S  cell  cycle  transition.  (A)  Depletion 
of  PMEPA1  inhibits  [3H]thymidine  incorporation  in  both  RWPE1  and  PC-3  prostate  cell  lines.  Knockdown  of  PMEPA1  protein  expression  by 
two  different  siRNAs  in  RWPE1  and  PC-3  was  examined  by  immunoblotting  (left  panel).  (B)  Knockdown  of  PMEPA1  by  siRNA#2  in  PC-3 
prevents  Gl/S  cell  cycle  progression  by  the  PI  staining  and  flow  cytometry  analysis.  The  average  results  from  three  experiments  are  shown 
on  the  left-hand  side.  **p  <  0.01  (f-test).  One  example  result  of  flow  cytometry  is  shown  on  the  right-hand  side. 
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Figure  2.  Endogenous  PMEPA1  promotes  prostate  cell  proliferation  through  suppressing  p21  expression.  (A)  Knockdown  of  PMEPA1  by  two 
different  siRNAs  increases  the  p21  protein  expression  levels  in  RWPE1  and  PC-3,  as  examined  by  immunoblotting.  p27  is  also  up-regulated 
in  RWPE1  but  not  in  PC-3.  (B)  Knockdown  of  PMEPA1  by  two  different  siRNAs  increases  the  p21  mRNA  expression  levels  in  both  RWPE1 
and  PC-3,  as  determined  by  qRT-PCR.  GAPDFI  was  used  as  the  loading  control.  The  PMEPA1  mRNA  levels  are  also  decreased  by  two 
different  siRNAs.  (C)  Knockdown  of  p21  and  p27  in  RWPE1  and  PC-3  was  examined  by  immunoblotting.  (D)  Knockdown  of  p21,  but  not 
p27,  can  completely  rescue  the  PMEPAlsiRNA#1  causing  cell  growth  arrest  in  both  RWPE1  and  PC-3.  Data  are  presented  as  the  mean 
value  and  standard  deviation  from  three  independent  experiments. 
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Figure  3.  Forced  overexpression  of  PMEPAI  promotes  PC-3  cell  proliferation  and  inhibits  p21  expression  in  a  SIM-dependent  manner. 
(A)  Diagrams  of  two  PMEPAI  protein  isoforms  that  differ  in  their  N-terminuses.  TM  =  transmembrane  domain.  Two  PY  motifs  and 
one  SIM  (Smad  interacting  motif)  are  shown.  (B)  Stable  overexpression  of  the  WT  PMEPAI  p  isoform,  but  not  PPNR-mutated  PMEPAI  p, 
by  lentiviruses  significantly  decreases  the  p21  protein  level  in  PC-3.  The  PMEPAIa  isoform  is  much  less  efficient  in  suppressing  p21 
protein  expression  compared  with  the  PMEPAI p  isoform.  GAPDH  was  used  as  the  loading  control.  (C)  Overexpression  of  the  PMEPAI p 
isoform  promotes  PC-3  Gl/S  cell  cycle  progression.  PC-3  cell  populations  stably  expressing  LacZ,  PMEPAIa,  p,  and  PMEPAip-PPNRm 
were  analysed.  (D)  Stable  overexpression  of  PMEPAI p  promotes  PC-3  cell  growth  by  the  SRB  assay  in  the  course  of  6  days.  *p  <  0.05 
[t-  test). 


The  GFP  fluorescence  protein  was  fused  to  the  C- 
terminus  of  PMEPAI  isoforms,  and  they  were  trans¬ 
fected  into  PC-3.  Indeed,  the  subcellular  localizations 
of  the  two  isoforms  were  slightly  different.  The  p 
isoform  was  distributed  more  diffusely  than  a  (Sup¬ 
porting  information,  Supplementary  Figure  3B).  This 
might  explain  the  functional  differences  of  these  two 
variants. 

Both  PMEPAI  isoforms  contain  the  Smad  interact¬ 
ing  motif  (SIM,  PPNR)  that  can  bind  to  Smad2/3 
to  block  TGFP  signaling  [15]  (Figure  3 A).  It  is  well 
known  that  TGFP  can  suppress  cell  proliferation 
through  inducing  p21  gene  transcription  [23].  To  test 
whether  PMEPAI  regulates  p21  through  Smad2/3,  we 
mutated  PPNR  into  4 A  in  PMEPAI p.  We  first  con¬ 
firmed  that  PMEPAI p-PPNRm  cannot  interact  effi¬ 
ciently  with  Smad2/3  by  the  co-immunoprecipitation 
(IP)  assay  (Supporting  information,  Supplementary 
Figure  3C).  Importantly,  PMEPAI  p-PPNRm  cannot 
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decrease  p21  protein  expression  in  PC-3  compared  with 
the  WT  PMEPAI p  (Figure  3B).  These  results  imply 
that  PMEPAI  possibly  suppresses  p21  expression  by 
interacting  with  Smad2/3. 

Consistent  with  the  low  level  of  p21  protein, 
PMEPAI p-overexpressing  PC-3  has  more  cells  in  the 
S  phase  and  fewer  cells  in  the  G1  phase  compared 
with  the  LacZ-,  PMEPAI  P-PPNRm-,  and  PMEPAla- 
overexpressing  cells  (Figure  3C).  Furthermore, 
PMEPAI  p-overexpressing  PC-3  cells  proliferate  faster 
than  other  populations  in  the  course  of  6  days,  as 
determined  by  the  sulphorhodamine  B  (SRB)  assay 
(Figure  3D). 

PMEPAI  suppresses  p21  through  Smad3/4 
but  not  Smad2 

Since  the  SIM  of  PMEPAI  is  required  to  suppress  p21 
expression  in  PC-3  (Figure  3B)  and  PMEPAI  interacts 
with  Smad2/3  via  the  SIM  and  suppresses  the  Smad2/3 
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activation  by  TGF|3  [15],  PMEPA1  may  down-regulate 
p21  through  blocking  the  TGFp-Smads  signaling  path¬ 
way.  To  test  this,  we  depleted  PMEPA1  in  PC-3  and 
treated  the  cells  with  TGFp.  Consistent  with  previous 
reports  [7,14,15],  PMEPA1  expression  was  induced  by 
TGFp  in  PC-3  (Figure  4A).  The  induction  of  PMEPA1 
by  TGFp  can  be  blocked  by  depletion  of  Smad3  or 
Smad4  but  not  Smad2  in  PC-3  (Supporting  infor¬ 
mation,  Supplementary  Figure  4).  Importantly,  knock¬ 
down  of  PMEPA1  additively  increased  the  TGF|3- 
induced  p21  expression  in  PC-3  (Figure  4A).  Consis¬ 
tently,  PMEPA1  depletion  additively  suppressed  the 
TGFP-induced  PC-3  growth  arrest,  as  determined  by 
DNA  synthesis  (Figure  4A).  These  observations  clearly 
indicate  that  endogenous  PMEPA1  is  induced  by  TGFp 
to  negative  feedback  control  the  TGFp  response. 

To  test  whether  PMEPA1  indeed  down-regulates  p21 
through  Smads,  we  knocked  down  Smad2,  Smad3,  and 
Smad4  in  PC-3,  respectively.  As  shown  in  Figure  4B, 
knockdown  of  Smad3,  but  not  Smad2,  down-regulated 
p21  and  rescued  the  PMEPA1  si-induced  p21  up- 
regulation.  As  expected,  knockdown  of  Smad4  showed 
the  same  rescue  effect  as  knockdown  of  Smad3 
(Figure  4B).  Interestingly,  PMEPA1  depletion  de¬ 
creased  the  protein  expression  levels  of  c-Myc,  a  well- 
known  TGFp-Smad3  target  that  inhibits  p21  gene 
transcription  [12].  Consistently,  knockdown  of  either 
Smad3  or  Smad4  increased  the  c-Myc  expression  lev¬ 
els  and  rescued  the  PMEPA1  si-induced  c-Myc  down- 
regulation.  These  results  suggest  that  the  Smad3/4  com¬ 
plex  may  be  essential  for  endogenous  PMEPA1  to 
suppress  p21  expression  through  c-Myc. 

It  has  been  suggested  that  PMEPA1  inhibits  Smad3 
phosphorylation  in  response  to  TGFp.  Indeed,  we 
found  that  PMEPA1  depletion  modestly  increased  the 
pSmad3  level  in  PC-3  after  TGFP  treatment  for  1  h. 
In  addition,  overexpression  of  PMEPAip  showed  the 
opposite  effect  (Figure  4C).  The  pSmad3  level  cannot 
be  detected  without  exogenous  TGFp.  However,  the  c- 
Myc  and  p21  expression  changes  initiated  by  PMEPA1 
manipulation  in  PC-3  are  independent  of  exogenous 
TGFp.  It  seems  that  PMEPA1  suppresses  the  basal 
level  of  Smad3  activity. 

PMEPA1  is  a  cytoplasmic  membrane  protein,  based 
on  immunofluorescence  staining  (Supporting  informa¬ 
tion,  Supplementary  Figure  3B).  The  active  Smad3 
must  be  in  the  nucleus  and  form  a  transcription 
complex  with  Smad4.  To  test  whether  cytoplas¬ 
mic  PMEPA1  retains  Smad3  and  prevents  it  from 
nuclear  translocation,  we  examined  the  localization 
of  Smad3  in  the  absence  and  presence  of  TGFp. 
As  shown  in  Figure  4D,  the  nuclear  Smad3  level 
in  PMEPAlp-overexpressing  PC-3  cells  is  obviously 
lower  than  that  in  LacZ-overexpressing  PC-3  cells. 
Again,  PMEPAip  suppressed  Smad3  nuclear  accu¬ 
mulation  independently  of  exogenous  TGFp,  although 
TGFp  significantly  increased  the  nuclear  accumulation 
of  Smad3  (Figure  4D). 
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PMEPA1  suppresses  p21  expression  partially 
through  up-regulating  c-Myc  expression 

To  test  whether  PMEPA1  functions  through  c-Myc, 
we  depleted  PMEPA1  by  two  different  siRNAs  in 
PC-3  and  found  that  the  c-Myc  protein  and  mRNA 
levels  were  down-regulated  (Figure  5A).  The  protein 
degradation  of  c-Myc  was  not  affected  by  PMEPA1 
(Supporting  information,  Supplementary  Figures  1C 
and  ID).  Additionally,  we  overexpressed  c-Myc  in 
PMEPA1 -depleted  PC-3  cells  to  investigate  whether 
it  can  block  PMEPA1  si-induced  p21  up-regulation. 
As  expected,  c-Myc  overexpression  decreased  the  p21 
protein  level  and  partially  rescued  PMEPA1  si-induced 
p21  up-regulation  (Figure  5B).  Furthermore,  c-Myc 
depletion  by  two  different  siRNAs  in  PC-3  dramat¬ 
ically  up-regulated  the  p21  protein  levels,  similar  to 
PMEPAlsi  (Figure  5C).  However,  PMEPA1  depletion 
increased  p21  more  efficiently  than  c-Myc  depletion, 
even  though  the  c-Myc  siRNAs  depleted  more  c-Myc 
than  the  PMEPA1  siRNA  (Figure  5C).  Thus,  it  is  very 
likely  that  PMEPA1  suppresses  p21  expression  par¬ 
tially  through  c-Myc. 

To  further  test  whether  PMEPA1  inhibits  p21  expres¬ 
sion  through  the  Smad3 -c-Myc  pathway,  we  compared 
the  c-Myc  protein  levels  in  WT  and  mutant  PMEPA1- 
overexpressed  PC-3  cells  and  found  that  both  PMEPA1 
isoforms  up-regulated  the  c-Myc  protein  levels  com¬ 
pared  with  LacZ  (Figure  5D).  PMEPAl|3-PPNRm  can¬ 
not  increase  c-Myc  and  decrease  p21  protein  levels, 
supporting  the  finding  that  Smad3  binding  is  required 
for  c-Myc  up-regulation  and  p21  down-regulation. 
When  c-Myc  was  depleted,  PMEPAip  overexpression 
failed  to  suppress  p21  expression  in  PC-3  (Figure  5D). 
These  findings  further  suggest  that  PMEPA1  inhibits 
p21  expression  at  least  partially  through  up-regulating 
c-Myc  expression. 

PMEPA1  depletion  inhibits  prostate  cancer  growth 
in  vivo 

To  provide  proof-of-concept  evidence  that  inhibition 
of  PMEPA1  can  be  used  to  suppress  prostate  can¬ 
cer  in  vivo ,  we  generated  two  PMEPA1  stable  knock¬ 
down  PC-3  populations  using  two  different  shRNAs. 
Consistent  with  the  results  in  Figures  2  and  5,  stable 
knockdown  of  PMEPA1  decreased  the  c-Myc  protein 
levels,  increased  the  p21  protein  levels  (Figure  6A), 
and  suppressed  DNA  synthesis  in  vitro  (Figure  6B). 
When  the  PC-3-PMEPAlsh  (#2)  and  PC-3-Lucsh  con¬ 
trol  cells  were  injected  into  the  SHO  male  mice,  the 
PMEPAlsh  cells  grew  significantly  more  slowly  than 
the  Fucsh  control  cells  (Figure  6C).  The  mean  tumour 
weight  from  PMEPAlsh  was  about  twice  that  from 
the  Fucsh  control  after  70  days  of  growth  in  vivo 
(Figure  6D).  These  results  suggest  that  PMEPA1  could 
be  a  potential  therapeutic  target  for  AR-negative 
prostate  cancer. 
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Figure  4.  PMEPAI  suppresses  p21  expression  and  cell  proliferation  through  blocking  Smad3  nuclear  translocation  in  the  presence  and 
absence  of  TGFp.  (A)  Knockdown  of  PMEPAI  increases  the  TGFp-induced  p21  expression  in  PC-3,  as  determined  by  immunoblotting  (left 
panel).  PC-3  cells  were  transfected  with  different  PMEPAI  siRNAs.  On  the  second  day  after  transfection,  the  cells  were  serum-starved 
overnight  and  treated  with  2  ng/ml  TGFp  for  6  h.  Knockdown  of  PMEPAI  increases  the  TGFp-induced  PC-3  growth  arrest,  as  determined  by 
the  DNA  synthesis  assay  (right  panel).  *p  <  0.05;  **p  <  0.01 ,  t- test.  (B)  Knockdown  of  Smad3,  but  not  Smad2,  rescues  PMEPAI  si RNA#  1  - 
induced  c-Myc  down-regulation  and  p21  up-regulation  in  PC-3  (left  panel).  Knockdown  of  Smad4  rescues  PMEPAI  siRNA#  1  -induced 
c-Myc  down-regulation  and  p21  up-regulation  in  PC-3  (right  panel).  (C)  Knockdown  of  PMEPAI  increases  and  overexpression  of  PMEPAip 
decreases  Smad3  phosphorylation  in  the  presence  of  TGFp  (2  ng/ml,  1  h)  in  PC-3.  (D)  Overexpression  of  PMEPAI  p  in  PC-3  decreases  the 
nuclear  Smad3  protein  levels  in  the  absence  and  presence  of  TGFp  (2  ng/ml,  1  h).  PARP  is  a  nuclear  marker;  a/p-tubulin  is  a  cytoplasmic 
marker. 
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Figure  5.  PMEPA1  suppresses  p21  expression  partially  through  up-regulating  c-Myc  expression.  (A)  Knockdown  of  PMEPA1  by  two 
different  siRNAs  decreases  c-Myc  and  increases  the  p21  protein  expression  levels  in  PC-3,  as  determined  by  immunoblotting  (left 
panel).  Knockdown  of  PMEPA1  decreases  the  c-Myc  mRNA  levels  in  PC-3,  as  determined  by  qRT-PCR  (right  panel).  (B)  Forced 
overexpression  of  c-Myc  inhibits  p21  protein  expression  and  partially  rescues  the  PMEPA1  siRNA#2-induced  p21  protein  expression 
increase  in  PC-3.  PC-3  cells  were  transiently  transfected  with  the  siRNA  and  the  c-Myc-expressing  plasmid.  (C)  Knockdown  of  c-Myc 
is  sufficient  to  down-regulate  p21  protein  expression  in  PC-3;  however,  it  is  not  as  efficient  as  knockdown  of  PMEPA1.  (D)  Forced 
overexpression  of  PMEPA1  up-regulates  the  c-Myc  protein  levels  and  inhibits  the  p21  protein  levels  in  PC-3  in  a  PPNR  motif- 
dependent  manner.  Knockdown  of  c-Myc  by  two  different  siRNAs  rescues  the  PMEPAip  overexpression-induced  p21  protein  expression 
decrease  in  PC-3. 


The  PMEPA1  protein  is  overexpressed  in  a  subset 
of  prostate  cancers 

PMEPA1  mRNA  is  overexpressed  in  multiple  solid 
tumours,  including  breast  and  ovarian  cancers  [5],  renal 
cell  carcinoma  [9],  and  colon  cancer  [7].  In  contrast, 
the  PMEPA1  mRNA  levels  have  been  shown  to  be 
down-regulated  in  64.5%  (40/62)  and  up-regulated  in 
16.1%  (10/62)  of  prostate  tumours  [18].  However, 
the  PMEPA1  protein  expression  in  prostate  cancer 
has  never  been  tested.  We  examined  the  PMEPA1 
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protein  expression  in  seven  prostate  cell  lines,  includ¬ 
ing  two  immortalized  cell  lines  (PZ-HPV7  and 
RWPE1),  three  AR-positive  cancer  cell  lines  (22Rvl, 
LAPC4,  and  LNCaP),  and  two  AR-negative  cancer 
cell  lines  (DU145  and  PC-3).  As  shown  in  Figure  7A, 
two  PMEPA1  protein  isoforms  (39  kD  |3  and  36 
kD  a)  were  detected  in  all  cell  lines.  Interestingly, 
PMEPAip  was  up-regulated  in  all  prostate  cancer 
cell  lines  except  DU  145,  compared  with  the  two 
immortalized  prostate  cell  lines.  PMEPAla  was  only 
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Figure  6.  Depletion  of  PMEPAI  inhibits  PC-3  prostate  cancer  growth  in  vivo.  (A)  Stable  knockdown  of  PMEPAI  down-regulates  c-Myc 
protein  expression  and  up-regulates  p21  protein  expression  in  PC-3.  (B)  Stable  knockdown  of  PMEPAI  in  PC-3  significantly  suppresses  DNA 
synthesis  in  vitro.  (C)  The  PC-3  PMEPAI sh#2  cell  population  grows  more  slowly  than  the  Lucsh  control  cell  population  in  male  SHO  mice. 
*p  <  0.05  (f-test).  (D)  Stable  knockdown  of  PMEPAI  significantly  decreases  the  xenograft  tumour  weight  (a?  =  10).  *p  <  0.05  (f-test). 
The  tumours  were  harvested  at  day  70.  Ten  tumours  from  each  group  are  shown. 


up-regulated  in  PC-3  (Figure  7A).  Thus,  PMEPAI P 
appears  to  be  overexpressed  in  most  prostate  cancer 
cell  lines. 

To  further  confirm  the  overexpression  of  PMEPAI 
in  prostate  cancer,  we  stained  PMEPAI  in  a  tissue 
microarray  that  contained  93  prostate  adenocarcino¬ 
mas,  ten  normal  prostates,  and  ten  adjacent  normal 
prostates  by  immunohistochemistry  (IHC)  staining. 
The  PMEPAI  protein  expression  was  detected  in 
30%  of  normal  prostates,  50%  of  adjacent  normal 
prostates,  and  55%  of  prostate  tumours  (Table  1). 
The  PMEPAI  protein  expression  was  significantly 
( p  <  0.05,  Fisher’s  exact  test)  increased  in  grade 
3  prostate  tumours  compared  with  normal  prostates 
(Table  1  and  Figure  7B).  These  results  suggest  that 
PMEPAI  is  overexpressed  in  a  subset  of  prostate 
cancers. 
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Discussion 

PMEPAI  has  been  implicated  in  human  cancers 
because  of  gene  amplification,  mRNA  expression  alter¬ 
ations,  and  induction  by  androgen  and  other  growth 
factors.  However,  the  roles  and  mechanistic  actions 
of  PMEPAI  in  cancers  have  not  been  well  char¬ 
acterized.  Here,  we  have  provided  several  lines  of 
evidence  to  support  that  PMEPAI  promotes  AR- 
negative  prostate  cell  proliferation  through  suppressing 
the  Smad3/4-c-Myc-p21  signaling  pathway.  First,  the 
PMEPAI p  protein  is  overexpressed  in  most  prostate 
cancer  cell  lines  compared  with  the  immortalized 
prostate  cell  lines  (Figure  7A).  The  PMEPAI  pro¬ 
tein  is  detected  in  30%  of  normal  prostate  tissues 
but  in  72%  of  grade  3  prostate  adenocarcinomas 
(Figure  7B  and  Table  1).  Second,  loss-of-function  and 
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Figure  7.  PMEPA1  is  overexpressed  in  prostate  cancer,  and  the 
pathway  by  which  PMEPA1  inhibits  cell  proliferation.  (A)  Protein 
expression  of  PMEPA1,  both  36  kD  a  and  39  kD  p  isoforms,  in  the 
immortalized  prostate  epithelial  cell  lines  (PZ-HPV7  and  RWPE1) 
and  five  prostate  cancer  cell  lines  was  measured  by  immunoblotting. 
p-actin  served  as  the  loading  control.  (B)  Examples  of  IHC  staining 
for  PMEPA1  in  normal  prostate  (N;  score  0),  adjacent  normal  (score 
3),  and  prostate  carcinomas  (T;  stage  1 :  score  6  and  stage  3:  score 
8).  (C)  PMEPA1  is  a  TGFp-induced  target  gene  overexpressed  in 
prostate  cancers.  The  PMEPA1  protein  interacts  with  Smad3  and 
inhibits  its  phosphorylation  and  nuclear  translocation  induced  by 
TGFp.  PMEPA1  also  inhibits  Smad3  nuclear  translocation  without 
exogenous  TGF|3  in  PC-3.  The  nuclear  Smad3  and  Smad4  form 
active  transcriptional  complexes  that  inhibit  c-Myc  and  promote 
p21  gene  transcription.  Smad3/4and  c-Myc  synergistically  regulate 
the  p21  gene  transcription.  As  a  cyclin-dependent  kinase  inhibitor, 
p21  suppresses  Gl/S  cell  cycle  transition,  DNA  replication,  and  cell 
proliferation. 


gain-of  function  of  PMEPA1  in  AR-negative  PC-3  cells 
inhibit  and  promote  cell  cycle  progression  and  cell 
proliferation  through  oppositely  regulating  p21  expres¬ 
sion  (Figures  2-4).  Following  that,  we  demonstrated 
that  the  regulation  of  p21  by  PMEPA1  is  mediated  by 
Smad3/4  and  their  downstream  target  c-Myc  (Figures  4 
and  5).  Additionally,  PMEPA1  is  induced  by  TGFp 
as  a  negative  feedback  loop  to  control  the  TGF|3 
signaling  pathway  (Figure  4).  Finally,  depletion  of 
PMEPA1  inhibits  PC-3  xenograft  growth  in  mice 


(Figure  6).  The  role  and  functional  action  of  PMEPA1 
are  summarized  in  a  signaling  pathway  model  of 
PMEPAl-Smad3/4-c-Myc-p21  (Figure  1C). 

PMEPA1  may  be  an  oncogene  in  a  subset  of 
prostate  cancer.  First,  the  PMEPA1  protein  is  signif¬ 
icantly  increased  in  most  prostate  cancer  cell  lines 
and  grade  3  prostate  tumours.  Second,  PMEPA1  deple¬ 
tion  causes  cell  growth  arrest  through  down-regulating 
c-Myc  and  up-regulating  p21.  Additionally,  overex¬ 
pression  of  PMEPAlp  promotes  cell  cycle  through 
up-regulating  c-Myc  and  down-regulating  p21.  c-Myc 
is  a  very  important  oncogene  for  prostate  cancer 
progression.  Gene  amplification  of  c-Myc  has  been 
associated  with  androgen-independent  prostate  cancer 
[24,25].  c-Myc  overexpression  can  induce  androgen- 
independent  growth  [26].  In  addition  to  the  in  vitro 
results,  we  confirmed  that  PMEPA1  inhibition  sup¬ 
presses  tumour  growth  in  vivo.  Our  conclusions  are 
supported  by  several  previous  studies.  The  PMEPA1 
gene  locus  is  frequently  amplified  in  prostate  cancer 
[1].  PMEPA1  mRNA  is  overexpressed  in  a  variety 
of  solid  tumours,  including  a  prostate  xenograft  and 
a  subset  of  prostate  tumours  [4-6,18].  Consistently, 
PMEPA1  mRNA  expression  is  induced  by  growth  fac¬ 
tors  in  the  cell  cycle  S  phase  [5].  The  oncogenic  role 
of  PMEPA1  does  not  seem  to  be  limited  to  prostate 
cancer  because  it  also  suppresses  p21  expression  in 
the  HaCaT  human  keratinocyte  cell  line  [15]  and  the 
HeLa  cervical  cancer  cell  line  (Supporting  information, 
Supplementary  Figure  1A). 

In  contrast,  PMEPA1  has  been  suggested  to  be 
a  tumour  suppressor  in  prostate  cancer.  First,  the 
PMEPA1  mRNA  levels  have  been  shown  to  be 
down-regulated  in  64.5%  (40/62)  of  prostate  tumours 
[18].  Second,  PMEPA1  is  induced  by  androgen  as  a 
negative  feedback  loop  to  suppress  the  androgen  sig¬ 
naling  through  targeting  AR  for  degradation  [19].  Li 
et  al  showed  that  PMEPA1  depletion  increases  the  cell 
number  in  the  S  phase  in  the  AR-positive  LNCaP 
prostate  cancer  cell  line  [19].  We  found  that  depletion 
of  PMEPA1  in  LNCaP  and  22Rvl  prostate  cancer  cell 
lines  does  not  induce  p21  (data  not  shown).  It  seems 
that  only  the  proliferation  of  AR-negative  prostate  can¬ 
cers  with  intact  TGF|3  signaling  depends  on  PMEPA1. 
Whether  the  PMEPA1  protein  expression  in  prostate 
tumours  is  limited  to  AR-negative  tumours  and  can  be 
used  as  a  diagnostic  and  prognostic  biomarker  should 
be  further  studied  in  more  clinical  samples  with  patho¬ 
logical  parameters. 

PMEPA1  plays  an  important  role  in  the  TGF|3  path¬ 
way.  First,  PMEPA1  is  induced  by  TGFp  in  PC-3 
through  Smad3/4  (Figure  4A  and  Supporting  infor¬ 
mation,  Supplementary  Figure  4).  Second,  PMEPA1 
depletion  increases  the  TGF|3-induced  p21  and  cell 
growth  arrest  in  PC-3  (Figure  4A).  Similar  results  were 
observed  in  TGFp-sensitive  HaCaT  and  HeLa  cells 
(data  not  shown).  Consistent  with  a  previous  study 
[15],  PMEPA1  uses  its  SIM  domain  to  interact  with 
Smad2/3  and  suppresses  Smad3  phosphorylation  and 
nuclear  translocation  in  response  to  TGF|3  (Figures  3 
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and  4).  Interestingly,  Smad3  is  exclusively  used  by 
PMEPAI  to  regulate  c-Myc  and  p21  transcription  in 
PC-3,  while  Smad2  plays  no  role.  Besides  c-Myc  and 
p21 ,  PMEPAI  also  regulates  other  TGF|3  target  genes, 
such  as  p27  (Figure  2),  pl5lnk4b,  Jun  B ,  and  PAI1 
[15]  in  HaCaT.  Depletion  of  p21,  but  not  p27,  com¬ 
pletely  rescued  the  PMEPAI  siRNA-induced  growth 
arrest  in  both  RWPE1  and  PC-3  (Figure  2),  suggest¬ 
ing  that  p21  mediates  the  PMEPAI  pro-proliferation 
functions  in  prostate  cells.  It  is  noteworthy  that  reg¬ 
ulation  of  c-Myc  and  p21  by  PMAEPA1  is  indepen¬ 
dent  of  exogenous  TGF|3.  It  is  possible  that  PMEPAI 
suppresses  Smad3  nuclear  translocation  without  TGF|3 
or  in  the  presence  of  low  levels  of  TGFp,  although 
Smad3  phosphorylation  cannot  be  detected  without 
exogenous  TGF|3  (Figure  4).  Nevertheless,  PMEPAI 
can  be  induced  by  TGF|3  as  a  negative  feedback  loop 
to  directly  control  the  Smad3  activation.  Thus,  our 
work  illustrates  the  exact  signaling  pathway  by  which 
PMEPAI  promotes  the  cell  cycle,  although  a  similar 
role  of  PMEPA1/TMEPAI  in  the  TGF|3  pathway  has 
been  recently  demonstrated  in  other  cancers  [15].  Our 
independent  study  will  not  only  help  to  clarify  the  role 
of  PMEPAI  in  prostate  cancer,  but  also  help  to  extend 
the  oncogenic  role  of  PMEPAI  in  vivo . 

Two  human  PMEPAI  isoforms  (a  and  |3)  can 
be  detected  in  prostate  cell  lines.  PMEPAI |3  and 
PMEPAI  a  differ  in  their  N- terminuses.  PMEPAI  |3  has 
a  longer  fragment  (35-aa  residues).  Although  both  iso¬ 
forms  have  the  SIM,  PY  motifs,  and  TM  domain,  and 
inhibit  Smad2  phosphorylation  with  a  similar  efficiency 
[15],  their  functions  of  regulating  p21  are  different. 
PMEPAI  p  is  significantly  more  potent  than  PMEPAI  a 
in  suppressing  p21  expression  (Figures  3B  and  5D). 
As  a  result,  the  PMEPAI  a  variant  does  not  signifi¬ 
cantly  promote  cell  cycle  progression  and  cell  growth 
as  the  |3  variant  does  (Figure  3).  The  P-isoform-specific 
N- terminal  fragment  may  play  a  key  role  in  the  sup¬ 
pression  of  p21  expression.  There  are  putative  myris- 
toylation  and  glycosylation  sites  in  the  P-isoform- 
specific  N-terminal  fragment  [5].  Interestingly,  the 
PMEPAI p  variant  is  distributed  more  diffusely  than 
PMEPAI  a,  which  concentrates  around  the  nucleus 
(Supporting  information,  Supplementary  Figure  3B). 
The  structure,  modifications,  and  functions  of  the 
PMEPAI  isoforms  need  further  investigation  in  the 
future. 

In  summary,  we  have  demonstrated  that  PMEPAI 
is  overexpressed  in  a  subset  of  prostate  cancers  and 
promotes  the  cell  cycle  and  cell  proliferation  through 
inhibiting  the  expression  of  p21  via  the  Smad3/4-c- 
Myc  signaling  pathway  (Figure  7C).  Furthermore,  we 
have  shown  that  PMEPAI  is  induced  by  TGFp  as 
a  negative  feedback  loop  to  directly  control  Smad3 
activation.  Finally,  suppression  of  PMEPAI  inhibits 
xenograft  tumour  growth.  Thus,  PMEPAI  might  be 
developed  as  a  molecular  target  for  cancer  prevention, 
diagnosis,  and  therapy  in  prostate  cancer  and  other 
cancers. 

Copyright  ©  201  I  Pathological  Society  of  Great  Britain  and  Ireland. 
Published  by  John  Wiley  &  Sons,  Ltd.  www.pathsoc.org.uk 


Acknowledgment 

We  acknowledge  Drs  Andrew  Aplin,  Jihe  Zhao,  and 
Chunhong  Yan  from  Albany  Medical  College  for 
kindly  providing  reagents.  Dr  Dorina  Avram  and  Dr 
Paul  Feustel  from  Albany  Medical  College  provided 
assistants  for  flow  cytometry  and  statistics,  respec¬ 
tively.  This  work  was  supported  by  a  grant  from  the 
Department  of  Defense  (W81XWH-07-1-0191),  a  grant 
from  the  American  Cancer  Society  (RSG-08- 199-01), 
and  a  grant  from  Yunnan  Province  High-Profile  Tal¬ 
ents  Project  2010  Cl  114.  Dr  Liu  is  supported  by  a 
postdoctoral  fellowship  from  the  American  Urological 
Association  Foundation. 


Author  contribution  statement 

RL  designed  and  performed  experiments  and  wrote 
the  draft  manuscript.  ZZ  assisted  in  the  experiments. 
JH  performed  IHC  in  prostate  tumours.  CC  designed 
experiments  and  revised  the  paper. 

References 

Note:  References  27-29  are  cited  in  the  Supporting 
information  to  this  article. 

1.  Ishkanian  AS,  Mallof  CA,  Ho  J,  et  al.  High-resolution  array  CGH 
identifies  novel  regions  of  genomic  alteration  in  intermediate-risk 
prostate  cancer.  Prostate  2009;  69:  1091-1100. 

2.  Tanner  MM,  Tirkkonen  M,  Kallioniemi  A,  et  al.  Increased  copy 
number  at  20ql3  in  breast  cancer:  defining  the  critical  region  and 
exclusion  of  candidate  genes.  Cancer  Res  1994;  54:  4257-4260. 

3.  Hidaka  S,  Yasutake  T,  Takeshita  H,  et  al.  Differences  in  20ql3.2 
copy  number  between  colorectal  cancers  with  and  without  liver 
metastasis.  Clin  Cancer  Res  2000;  6:  2712-2717. 

4.  Xu  LL,  Shanmugam  N,  Segawa  T,  et  al .  A  novel  androgen- 
regulated  gene,  PMEPAI,  located  on  chromosome  20ql3  exhibits 
high  level  expression  in  prostate.  Genomics  2000;  66:  257-263. 

5.  Giannini  G,  Ambrosini  MI,  Di  Marcotullio  L,  et  al.  EGF-  and  cell- 
cycle-regulated  STAG1/PMEPA1/ERG1.2  belongs  to  a  conserved 
gene  family  and  is  overexpressed  and  amplified  in  breast  and 
ovarian  cancer.  Mol  Carcinog  2003;  38:  188-200. 

6.  Hirokawa  YS,  Takagi  A,  Uchida  K,  et  al.  High  level  expression  of 
STAG  1 /PMEPAI  in  an  androgen-independent  prostate  cancer  PC3 
subclone.  Cell  Mol  Biol  Lett  2007;  12:  370-377. 

7.  Brunschwig  EB,  Wilson  K,  Mack  D,  et  al.  PMEPAI,  a  transform¬ 
ing  growth  factor-beta-induced  marker  of  terminal  colonocyte 
differentiation  whose  expression  is  maintained  in  primary  and 
metastatic  colon  cancer.  Cancer  Res  2003;  63:  1568-1575. 

8.  Reichling  T,  Goss  KH,  Carson  DJ,  et  al.  Transcriptional  profiles 
of  intestinal  tumors  in  Apc(Min)  mice  are  unique  from  those  of 
embryonic  intestine  and  identify  novel  gene  targets  dysregulated 
in  human  colorectal  tumors.  Cancer  Res  2005;  65:  166-176. 

9.  Rae  FK,  Hooper  JD,  Nicol  DL,  et  al.  Characterization  of  a  novel 
gene,  STAG  1 /PMEPAI,  upregulated  in  renal  cell  carcinoma  and 
other  solid  tumors.  Mol  Carcinog  2001;  32:  44-53. 

10.  Itoh  S,  Thorikay  M,  Kowanetz  M,  etal.  Elucidation  of  Smad 
requirement  in  transforming  growth  factor-beta  type  I  receptor- 
induced  responses.  J  Biol  Chem  2003;  278:  3751-3761. 

11.  Shi  Y,  Massague  J.  Mechanisms  of  TGF-beta  signaling  from  cell 
membrane  to  the  nucleus.  Cell  2003;  113:  685-700. 

J  Pathol  2011;  223:  683-694 
www.thejournalofpathology.com 


694 


R  Liu  et  al 


12.  Chen  CR,  Kang  Y,  Siegel  PM,  et  al.  E2F4/5  and  pl07  as  Smad 
cofactors  linking  the  TGFbeta  receptor  to  c-myc  repression.  Cell 
2002;  110:  19-32. 

13.  Polyak  K,  Kato  JY,  Solomon  MJ,  et  al.  p27Kipl,  a  cyclin-Cdk 
inhibitor,  links  transforming  growth  factor-beta  and  contact  inhibi¬ 
tion  to  cell  cycle  arrest.  Genes  Dev  1994;  8:  9-22. 

14.  Levy  L,  Hill  CS.  Smad4  dependency  defines  two  classes  of  trans¬ 
forming  growth  factor  {beta}  (TGF-{beta})  target  genes  and  dis¬ 
tinguishes  TGF-{beta}-induced  epithelial -mesenchymal  transition 
from  its  antiproliferative  and  migratory  responses.  Mol  Cell  Biol 
2005;  25:  8108-8125. 

15.  Watanabe  Y,  Itoh  S,  Goto  T,  etal.  TMEPAI,  a  transmembrane 
TGF-beta-inducible  protein,  sequesters  Smad  proteins  from  active 
participation  in  TGF-beta  signaling.  Mol  Cell  2010;  37:  123-134. 

16.  Singha  PK,  Yeh  IT,  Venkatachalam  MA,  etal.  Transforming 
growth  factor-{beta}  (TGF-{beta})-inducible  gene  TMEPAI  con¬ 
verts  TGF-{beta}  from  a  tumor  suppressor  to  a  tumor  promoter  in 
breast  cancer.  Cancer  Res  2010;  70:  6377-6383. 

17.  Anazawa  Y,  Arakawa  H,  Nakagawa  H,  etal.  Identification  of 
STAG1  as  a  key  mediator  of  a  p5 3 -dependent  apoptotic  pathway. 
Oncogene  2004;  23:  7621-7627. 

18.  Xu  LL,  Shi  Y,  Petrovics  G,  et  al.  PMEPA1,  an  androgen-regulated 
NEDD4-binding  protein,  exhibits  cell  growth  inhibitory  function 
and  decreased  expression  during  prostate  cancer  progression. 
Cancer  Res  2003;  63:  4299-4304. 

19.  Li  H,  Xu  LL,  Masuda  K,  etal.  A  feedback  loop  between  the 
androgen  receptor  and  a  NEDD4-binding  protein,  PMEPA1,  in 
prostate  cancer  cells.  J  Biol  Chem  2008;  283:  28988-28995. 

20.  Litvinov  IV,  Vander  Griend  DJ,  Xu  Y,  et  al .  Low-calcium  serum- 
free  defined  medium  selects  for  growth  of  normal  prostatic 
epithelial  stem  cells.  Cancer  Res  2006;  66:  8598-8607. 


21.  Altuwaijri  S,  Wu  CC,  Niu  YJ,  etal.  Expression  of  human  AR 
cDNA  driven  by  its  own  promoter  results  in  mild  promotion,  but 
not  suppression,  of  growth  in  human  prostate  cancer  PC-3  cells. 
Asian  JAndrol  2007;  9:  181-188. 

22.  Mohsin  SK,  Weiss  H,  Havighurst  T,  et  al.  Progesterone  receptor 
by  immunohistochemistry  and  clinical  outcome  in  breast  cancer:  a 
validation  study.  Mod  Pathol  2004;  17:  1545-1554. 

23.  Alexandrow  MG,  Moses  HL.  Transforming  growth  factor  beta  and 
cell  cycle  regulation.  Cancer  Res  1995;  55:  1452-1457. 

24.  Nupponen  NN,  Kakkola  L,  Koivisto  P,  et  al .  Genetic  alterations 
in  hormone-refractory  recurrent  prostate  carcinomas.  Am  J  Pathol 
1998;  153:  141-148. 

25.  Kaltz-Wittmer  C,  Klenk  U,  Glaessgen  A,  etal.  FISH  analysis 
of  gene  aberrations  (MYC,  CCND1,  ERBB2,  RB,  and  AR)  in 
advanced  prostatic  carcinomas  before  and  after  androgen  depri¬ 
vation  therapy.  Lab  Invest  2000;  80:  1455-1464. 

26.  Bernard  D,  Pourtier-Manzanedo  A,  Gil  J,  etal.  Myc  confers 
androgen-independent  prostate  cancer  cell  growth.  J  Clin  Invest 
2003;  112:  1724-1731. 

27.  Chen  C,  Sun  X,  Guo  P,  et  al.  Human  Kruppel-like  factor  5  is  a 
target  of  the  E3  ubiquitin  ligase  WWP1  for  proteolysis  in  epithelial 
cells.  J  Biol  Chem  2005;  280:  41553-41561. 

28.  Fan  W,  Jin  S,  Tong  T,  et  al.  BRCA1  regulates  GADD45  through 
its  interactions  with  the  OCT-1  and  CAAT  motifs.  J  Biol  Chem 
2002;  277:  8061-8067. 

29.  Chen  C,  Benjamin  MS,  Sun  X,  et  al.  KLF5  promotes  cell  prolif¬ 
eration  and  tumorigenesis  through  gene  regulation  in  the  TSU- 
Prl  human  bladder  cancer  cell  line.  Int  J  Cancer  2006;  118: 
1346-1355. 


SUPPORTING  INFORMATION  ON  THE  INTERNET 

The  following  supporting  information  may  be  found  in  the  online  version  of  this  article. 

Supplementary  materials  and  methods. 

Figure  SI.  PMEPA1  does  not  alter  p21  mRNA  and  protein  stability. 

Figure  S2.  Knockdown  of  endogenous  PMEPA1  inhibits  prostate  cell  proliferation  through  up-regulating  p21  expression. 
Figure  S3.  PMEPAip  suppresses  p21  expression. 

Figure  S4.  The  induction  of  PMEPA1  by  TGF|3  depends  on  Smad3/4,  but  not  Smad2,  in  PC-3. 

Table  SI.  The  siRNA  target  sequences  used  in  this  study. 

Table  S2.  The  PCR  primer  sequences  used  in  this  study. 


Copyright  ©  201  I  Pathological  Society  of  Great  Britain  and  Ireland. 
Published  by  John  Wiley  &  Sons,  Ltd.  www.pathsoc.org.uk 


J  Pathol  2011;  223:  683-694 
www.thejournalofpathology.com 


baltl  /zmg-mend/zmg-mend/zmg0071 1  /zmg4848-1 1  z 


xppws 


4/29/11 


S=1 


22:41 

4/Color  Figure(s):  F4 

Art:  me-1 0-0497 

Input-k50 

ORIGINAL  RESEARCH 


The  Induction  of  KLF5  Transcription  Factor  by 
Progesterone  Contributes  to  Progesterone-Induced 
Breast  Cancer  Cell  Proliferation  and  Dedifferentiation 


AQ:  1 

Names  are  all  right 


Rong  Liu,  Zhongmei  Zhou,  Dong  Zhao,  and  Ceshi  Chen 

The  Center  for  Cell  Biology  and  Cancer  Research  (R.L.,  1.1.,  D.Z.,  C.C.),  MS355,  Albany  Medical  College, 
Albany,  New  York  1 2208;  Key  Laboratory  of  Animal  Models  and  Human  Disease  Mechanisms  (Z.Z., 
C.C.),  Chinese  Academy  of  Sciences  &  Yunnan  Province,  Kunming  Institute  of  Zoology,  Kunming, 
Yunnan,  650223,  China 


AQ:  2 
AQ:  3 


OK 


OK 


AQ:  4 


OK 


Progesterone  (Pg)  promotes  normal  breast  development  during  pregnancy  and  lactation  and 
increases  the  risk  of  developing  basal-type  invasive  breast  cancer.  However,  the  mechanism  of 
action  of  Pg  has  not  been  fully  understood.  In  this  study,  we  demonstrate  that  the  mRNA  and 
protein  expression  of  Klf 5,  a  pro-proliferation  transcription  factor  in  breast  cancer,  was  dramat¬ 
ically  up-regulated  in  mouse  pregnant  and  lactating  mammary  glands.  Pg,  but  not  estrogen  and 
prolactin,  induced  the  expression  of  Krupple-like  factor  5  (KLF5)  in  multiple  Pg  receptor  (PR)- 
positive  breast  cancer  cell  lines.  Pg  induced  the  KLF5  transcription  through  PR  in  the  PR-positive 
T47D  breast  cancer  cells.  Pg-activated  PR  increased  the  KLF5  promoter  activity  likely  through 
binding  to  a  Pg  response  element  at  the  KLF5  promoter.  Importantly,  Pg  failed  to  promote  T47D 
cell  proliferation  when  the  KLF5  induction  was  blocked  by  small  interfering  RNA.  KLF5  is  essential 
for  Pg  to  up-regulate  the  expression  of  cell  cycle  genes,  including  CyclinA,  Cdtl,  and  E2F3.  In  addition, 
KLF5  overexpression  was  sufficient  to  induce  the  cytokeratin  5  (CK5)  expression,  and  the  induction  of 
CK5  by  Pg  was  significantly  reduced  by  KLF5  small  interfering  RNA.  Consistently,  the  expression  of 
KLF5  was  positively  correlated  with  that  of  CK5  in  a  panel  of  breast  cancer  cell  lines.  Taken  together, 
we  conclude  that  KLF5  is  a  Pg-induced  gene  that  contributes  to  Pg-mediated  breast  epithelial  cell 
proliferation  and  dedifferentiation.  (Molecular  Endocrinology  25:  0000-0000,  2011) 

NURSA  Molecule  Pages:  Nuclear  Receptors:  PR;  Ligands:  Progesterone  |  RU486  |  MPA. 


Progesterone  (Pg)  is  essential  for  normal  postnatal 
breast  development  during  pregnancy  and  lactation 
by  stimulating  ductal  side  branching  and  development 
of  lobuloalveolar  structures  (1).  Under  the  stimulation 
of  Pg,  the  mammary  gland  epithelium  undergoes  exten¬ 
sive  proliferation  and  remolding  (1).  Pg  functions  pri¬ 
marily  through  the  ligand-activated  nuclear  receptor 
transcription  factor  Pg  receptor  (PR).  PR  knockout  mice 
showed  incomplete  mammary  gland  ductal  side  branch¬ 
ing  and  failure  of  lobuloalveolar  structure  development 
due  to  insufficient  cell  proliferation  (2).  However,  the 
molecular  mechanism  of  action  of  Pg  and  PR  has  not  been 
completely  elucidated. 
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Accumulated  evidence  suggests  that  Pg  and  PR  pro¬ 
mote  mammary  tumorigenesis  (3,  4).  Pg  has  been  shown 
to  stimulate  breast  cancer  for  menopausal  women  in  sev¬ 
eral  large-scale  hormone-replacement  therapy  clinical 
studies  (5-7).  In  these  studies,  Pg  plus  estrogen  signifi¬ 
cantly  increased  the  risk  of  invasive  breast  cancer  com¬ 
pared  with  estrogen  alone.  Additionally,  progestins  have 
been  shown  to  have  proliferative  effects  in  the  PR-positive 
breast  cancer  cell  lines  in  vitro  (8)  and  in  nude  mice  (9). 
Furthermore,  progestins  increased  mammary  tumor  inci¬ 
dence  in  rats  (10-12)  and  dogs  (13). 

Recently,  progestins  have  been  shown  to  reprogram  a 
subset  of  estrogen  receptor  (ER)+PR+cytokeratin  5 

Abbreviations:  ChIP,  Chromatin  immunoprecopitation;  CK5,  cytokeratin  5;  ER,  estrogen 
receptor;  ESC,  embryonic  stem  cell;  GAPDH,  glyceraldehyde  3-phosphate  dehydrogenase; 
GFP,  green  fluorescent  protein;  KLF5,  Krupple-like  factor  5;  KO,  knockout;  MPA,  medroxy¬ 
progesterone  17-acetate;  Pg,  progesterone;  PR,  Pg  receptor;  qRT-PCR,  quantitative  RT- 
PCR;  siRNA,  small  interfering  RNA. 
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(CK5)—  differentiated  cells  into  ER-PR-CK5+  basal-like 
progenitor  cancer  cells  in  vitro  and  in  vivo  (14-16).  The 
ER-PR-CK5+  cells  have  progenitor  potential  and  are  less 
prone  to  drug-induced  apoptosis  during  the  endocrine 
therapy  and  chemotherapies  (16).  Interestingly,  Pg  increased 
the  development  of  CK 5  +  basal  type  breast  cancer  in  rats 
(17).  However,  the  mechanism  by  which  progestins  repro¬ 
gram  ER+PR+CK5-  cells  into  ER-PR-CK5+  cells  is  not 
clear. 

Kriipple-like  factor  5  (KLF5)  is  a  transcription  factor 
that  regulates  cell  proliferation,  survival,  differentiation, 
and  embryonic  stem  cell  (ESC)  self-renewal.  Previously, 
we  demonstrated  that  KLF5  overexpression  promotes  the 
Gt/S  cell  cycle  progression  (18)  and  breast  cell  prolifera¬ 
tion,  survival,  and  tumor  growth  (19,  20).  Furthermore, 
KLF5  has  been  reported  to  regulate  smooth  muscle  cell 
and  adipocyte  differentiation  (21,  22).  Most  recently, 
KLF5  was  shown  to  promote  the  self-renewal  of  ESC  and 
to  maintain  ESC  in  an  undifferentiated  state  (23,  24). 
Interestingly,  the  gene  expression  signature  of  basal-like 
breast  cancer  cells  is  similar  to  that  of  ESC  as  shown 
through  analyzing  the  microarray  data  from  1211  breast 
tumors  (25).  KLF5  and  eight  other  genes  are  highly  ex¬ 
pressed  in  basal-type  breast  tumors  (25).  Indeed,  positive 
KLF5  mRNA  expression  is  an  unfavorable  prognostic 
marker  correlated  with  shorter  survival  for  breast  cancer 
patients  (26).  However,  the  transcriptionaE  regulation  of 
KLF5  in  breast  cancer  is  largely  unknown.  We  hypothesize 
that  K^E5  is  a  Pg  and  PR  downstream  target  gene  and  plays 
an  important  role  in  Pg-induced  breast  cancer  cell  prolifer¬ 
ation  and  dedifferentiation. 
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FIG.  1.  The  KLF5  expression  is  induced  in  mouse  mammary  glands 
during  the  stages  of  pregnancy  and  lactation  and  in  PR-positive 
breast  cancer  cell  lines  by  Pg.  A,  The  protein  expression  levels  of 
Klf 5  are  specifically  up-regulated  in  mouse  mammary  glands  during 
the  stages  of  pregnancy  and  lactation.  Mouse  mammary  glands 
were  collected  from  female  mice  in  different  stages  [V,  virgin;  P, 
pregnancy  (13.5  d  and  16.5  d);  L,  lactation;  L  involution].  Two  mice 
(B6)  in  each  stage  were  examined.  Mammary  gland  tissue  lysates 
weqe  used  for  immunoblotting.  Gapdh  was  used  as  a  loading 
control.  B,  The  mRNA  expression  levels  of  Klf5  are  specifically  up- 
regulated  in  mouse  mammary  glands  during  pregnancy  and 
lactation.  The  Klf5  mRNA  levels  were  measured  by  RT-PCR.  Gapdh 
was  used  as  a  loading  control.  C,  Pg  but  not  estrogen  (E)  or 
prolactin  (Prl)  induces  the  KLF5  protein  expression.  T47D  cells  were 
seeded  in  12-well  plates  at  2.2  X  105  cells  per  well.  The  cells  were 
serum-starved  for  24  h  and  treated  with  Pg  (100  nivi),  E  (20  nM  17/3- 
estradiol),  Prl  (100  ng/ml),  or  different  combinations  for  8  h.  The 
KLF5  protein  expression  was  measured  by  immunoblotting.  GAPDH 
serves  as  a  loading  control.  D,  Pg  induces  the  KLF5  protein 
expression  in  PR-positive  but  not  in  PR-negative  breast  cancer  cell 
lines.  All  cells  were  treated  with  100  nM  Pg  for  8  h  or  left  untreated 
in  serum-free  media.  The  data  shown  in  this  figure  are 
representative  of  two  independent  experiments. 


The  expression  of  Klf5  is  increased  in  mouse 
mammary  glands  during  pregnancy  and 
lactation  stages 

To  explore  the  physiological  regulation  of  Klf 5  in  the 
breast,  we  first  examined  the  Klf5  protein  expression  by 
immunoblotting  in  the  mouse  mammary  glands  during 
four  different  stages  (virgin,  pregnancy,  lactation,  and 
involution).  As  shown  in  Fig.  1A,  the  protein  expression 
level  of  Klf5  was  undetectable  in  mammary  glands  during 
the  stages  of  virgin  and  involution  but  increased  dramat¬ 
ically  in  mammary  glands  during  the  stages  of  pregnancy 
and  lactation.  The  expression  up-regulation  of  Klf 5  dur¬ 
ing  the  stages  of  pregnancy  and  lactation  occurred  at  the 
mRNA  level  as  assessed  by  RT-PCR  (Fig.  IB).  These  re¬ 
sults  imply  that  the  Klf 5  transcription  may  be  regulated 
by  a  specific  hormone  produced  during  the  stages  of  preg¬ 
nancy  and  lactation. 


Pg  induces  the  KLF5  expression  in  ER+PR+  breast 
cancer  cell  lines 

The  postnatal  development  of  normal  mammary 
glands  involves  a  coordinated  effort  of  pituitary  and  ovar¬ 
ian  hormones.  Of  those  hormones,  estrogen,  Pg,  and  pro¬ 
lactin  are  the  most  significant  regulators  for  duct  growth 
and  alveolar  development.  In  an  ER+PR+  luminal  breast 
cancer  cell  line  T47D  in  which  the  endogenous  KLF5 
protein  level  is  very  low,  we  demonstrated  that  Pg,  but  not 
estrogen  and  prolactin,  induced  the  KLF5  protein  expres¬ 
sion  (Fig.  1C).  Estrogen  and  prolactin  could  not  even 
increase  the  KLF5  expression  when  in  combination  with 
Pg  (Fig.  1C).  Pg  also  induced  the  KLF5  protein  expression 
in  several  other  ER+PR+  breast  cancer  cell  lines,  such  as 
MCF7  and  BT474,  but  not  in  ER-PR-  breast  cancer  cell 
lines  BT20  and  MDA-MB-231  (Fig.  ID). 
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FIG.  2.  Pg  induces  the  KLF5  expression  in  time-  and  dosage-dependent  manners 
and  activates  the  KLF5  transcription  in  T47D.  A,  The  KLF5  protein  was  induced  by  Pg 
in  a  time-  and  dosage-dependent  manner.  T47D  cells  were  treated  with  Pg  at  100 
nM  for  the  indicated  time  (left panel)  or  8  h  at  the  indicated  concentration  ( right 
panel).  B,  Pg  induced  the  KLF5  mRNA  expression  in  a  time-  and  dosage-dependent 
manner.  The  KLF5  mRNA  expression  levels  were  measured  by  qRT-PCR.  Error  bars 
show  sd  values  from  triplicates  in  a  single  representative  experiment.  C,  Pg  activated 
the  KLF5  promoter.  T47D  cells  were  transfected  with  PR-B  expressing  plasmid  and 
the  KLF5  promoter  luciferase  reporter.  One  day  after  transfection,  the  cells  were 
serum-starved  overnight  and  treated  with  20  jutM  MPA  for  24  h.  Cell  lysates  were 
collected  for  the  dual-luciferase  reporter  assay.  **,  P  <  0.001 .  D,  PR  specifically 
binds  to  the  KLF5  promoter  in  vivo  as  determined  by  ChIP  assays.  The  input  DNA  and 
water  were  used  as  the  positive  and  negative  controls.  The  coding  sequence  (CDS) 
of  KLF5  was  amplified  to  test  the  binding  specificity.  The  Bd-2  gene  promoter  region 
was  amplified  as  a  positive  control  for  ChIP  (28).  All  data  shown  in  this  figure  have 
been  confirmed  by  independent  repeated  experiments. 


Pg  activates  the  KLF5  transcription 

Then,  a  time-  and  dosage-course  experiment  was  con¬ 
ducted  in  T47D.  As  shown  in  Fig.  2,  A  and  B,  KLF5  was 
induced  by  Pg  in  time-  and  dosage-dependent  manners  at 
both  the  protein  and  mRNA  levels.  The  induction  of 
KLF5  by  Pg  could  be  detected  after  1  h,  suggesting  that 
KLF5  is  a  Pg  early-responsive  gene  and  a  possible  PR 
direct-target  gene.  The  maximum  induction  time  for  the 
KLF5  protein  is  about  6  h  (Fig.  2A).  The  KLF5  expression 
can  be  significantly  induced  by  Pg  at  physiological  con¬ 
centrations  (1-100  nM).  Similar  results  were  observed  in 
MCF7  (data  not  shown).  These  results  suggest  that  Pg 
may  increase  the  KLF5  transcription.  To  test  whether  Pg 
can  activate  the  KLF5  promoter,  we  performed  a  lu¬ 
ciferase  reporter  assay  in  T47D  cells.  As  expected,  the 
KLF5  promoter  was  significantly  activated  by  synthetic 
Pg  medroxyprogesterone  17-acetate  (MPA)  (Fig.  2C). 

Because  Pg  activated  the  KLF5  gene  promoter,  we 
searched  the  KLF5  promoter  sequence  and  identified  a 


6-bp  potential  Pg  response  element  sequence 
(-548  TGTACA  -543)  (27).  To  determine 
whether  PR  binds  to  this  Pg  response  element  at 
the  KLF5  promoter,  we  performed  chromatin 
immunoprecipitation  (ChIP)  assays  in  T47D 
cells  using  the  Bcl2  gene  promoter  as  the  positive 
control  (28).  As  shown  in  Fig.  2D,  the  anti-PR 
antibody,  but  not  the  IgG  control,  specifically 
immunoprecipitated  the  KLF5  promoter 
rather  than  coding  region.  Furthermore,  Pg 
dramatically  enhanced  the  binding  of  PR  to 
the  KLF5  and  Bcl2  promoters.  These  results 
suggest  that  KLF5  is  a  direct  PR  target  gene. 

Pg  induces  the  KLF5  expression  through  PR 

To  test  whether  Pg  induces  the  KLF5  ex¬ 
pression  through  PR,  we  first  blocked  the  PR 
activity  using  the  PR  antagonist  RU-486  in 
T47D  and  found  that  the  induction  of  KLF5 
protein  by  Pg  was  completely  abolished  (Fig. 
3A).  Furthermore,  two  different  PR  small  in¬ 
terfering  (siRNA)  almost  completely  blocked 
the  KLF5  protein  induction  in  T47D  (Fig.  3B). 
These  results  clearly  indicate  that  PR  is  re¬ 
quired  for  the  KLF5  induction  by  Pg. 

The  induction  of  KLF5  is  essential  for 
Pg  to  promote  cell  proliferation  and 
gene  expression 

Because  both  Pg  and  KLF5  have  been  shown 
to  promote  cell  proliferation,  we  wondered 
whether  KLF5  is  induced  by  Pg  to  promote  cell 
proliferation.  To  test  this,  we  blocked  the  Pg- 
induced  KLF5  by  a  well-characterized  KLF5 
siRNA  (18)  and  two  PR  siRNA  in  T47D  and  examined  the 
DNA  synthesis.  As  expected,  Pg  dramatically  increased  the 
DNA  synthesis  in  Lucsi  transfected  cells  (Fig.  3D).  PR  de¬ 
pletion  not  only  blocked  the  KLF5  induction  but  also 
blocked  the  Pg-induced  DNA  synthesis  increase  (Fig.  3,  C 
and  D).  When  the  KLF5  induction  was  depleted  by  KLF5 
siRNA,  Pg  failed  to  increase  the  DNA  synthesis  in  T47D 
(Fig.  3,  C  and  D).  To  understand  the  mechanism  by  which 
KLF5  promoted  cell  proliferation,  we  examined  the  mRNA 
expression  of  several  genes  involved  in  cell  cycle  (29).  As 
shown  in  Fig.  3E,  the  induction  of  cyclinA ,  Cdtl,  and  E2F3 
by  Pg  was  blocked  by  the  depletion  of  KLF5  or  PR.  These 
results  suggest  that  the  KLF5  induction  is  essential  for  Pg  to 
stimulate  gene  expression  and  cell  proliferation  in  vitro. 

KLF5  contributes  to  Pg-induced  CK5  expression 

Florwitz  and  co-workers  (14,  15)  showed  that  proges- 
tins  could  reprogram  a  small  subset  of  ER+PR+CK5— 
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4 A).  However,  only  a  small  percentage  (~2- 
3%)  of  T47D  cells  infected  with  KLF5  adeno¬ 
viruses  expressed  CK5.  Furthermore,  the  CK5 
expression  was  not  only  limited  to  GFP/KLF5- 
positive  cells.  The  ER  and  PR  levels  were  not 
steadily  down-regulated  by  KLF5  by  immuno- 
blotting  (data  not  shown).  A  10-fold  induction 
of  CK5  mRNA  expression  by  KLF5  was  de¬ 
tected  by  qRT-PCR  in  T47D  (Fig.  4B). 

Because  Pg  has  been  shown  to  induce  the 
CK5  expression  in  a  small  subset  of  T47D  cells 
(14,  15),  we  tested  whether  Pg  induces  CK5 
through  KLF5.  Indeed,  when  the  induction  of 
KLF5  was  blocked  by  KLF5  siRNA,  Pg-in- 
duced  CK5  mRNA  expression  was  signifi¬ 
cantly  but  not  completely  blocked  (Fig.  4C). 
The  induction  of  serum  glucocorticoid  regu¬ 
lated  kinase  ( SGK ),  a  PR  direct  target  gene 
(30),  was  not  affected  by  KLF5  siRNA  at  all. 
As  expected,  PR  siRNA  blocked  the  induction 
of  KLFS,  CKS,  and  SGK  by  Pg.  These  findings 
suggest  that  KLF5  may  contribute  to  Pg-medi- 
ated  cell  dedifferentiation  as  indicated  by  in¬ 
ducing  the  CK5  expression. 

The  expression  of  KLF5  is  negatively 
correlated  with  ER/PR  but  positively 
correlated  with  CK5  in  breast  cancer 
cell  lines 


FIG.  3.  The  induction  of  KLF5  by  Pg  is  through  PR  and  is  essential  for  Pg  to 
promote  T47D  cell  proliferation  and  gene  expression.  A,  The  Pg  antagonist  RU-486 
(100  nM)  completely  blocked  the  KLF5  induction  by  Pg  (100  nM)  or  by  E  (20  nM)+Pg 
(100  nM).  T47D  cells  were  treated  with  hormones  and  RU-486  for  8  h.  B,  Two 
different  PR  siRNAs  blocked  the  induction  of  KLF5  by  Pg.  T47D  cells  were  transfected 
with  control  Luciferase  siRNA  (Lucsi)  or  two  different  PR  siRNAs  (PRsi#1  and  PRsi#2). 
One  day  after  transfection,  the  cells  were  serum  starved  for  24  h  and  then  were 
treated  with  Pg  (100  nM)  overnight.  There  are  two  PR  isoforms  (B  and  A).  C,  The 
KLF5  and  PR  siRNA  silenced  the  KLF5  and  PR  protein  expression  in  T47D  in  the 
absence  and  presence  of  Pg.  D,  KLF5  or  PR  depletion  by  siRNA  significantly  blocked 
the  DNA  synthesis  increase  induced  by  Pg  in  T47D.  The  DNA  synthesis  was  measured 
by  [3H]thymidine  incorporation  assay.  KLF5  siRNA  itself  decreased  the  DNA  synthesis 
due  to  the  depletion  of  endogenous  KLF5  expression.  **,  P  <  0.001 ,  t  test.  E,  KLF5 
or  PR  depletion  by  siRNA  significantly  blocked  the  Pg-induced  expression  of  CyclinA, 
Cdtl ,  and  E2F3  in  T47D.  The  mRNA  levels  were  measured  by  qRT-PCR.  GAPDH  was 
used  to  normalize  the  input  cDNA.  Figures  show  representative  data  of  three 
independent  experiments. 


T47D  cells  into  ER-PR-CK5  +  progenitor  cells.  As  an  ESC 
transcription  factor,  KLF5  may  contribute  to  this  dedif¬ 
ferentiation  step.  It  has  been  shown  that  KLF5  is  highly 
expressed  in  basal-type  (CK5  +  )  breast  cancers  (25).  To 
test  if  KLF5  induces  the  CK5  expression,  we  infected 
T47D  cells  with  green  fluorescent  protein  (GFP)  control 
and  KLF5-IRES-GFP  adenoviruses.  Indeed,  KLF5  in¬ 
duced  the  CK5  protein  expression  compared  with  the 
GFP  control  by  immunofluorescence  staining  (IF)  (Fig. 


Progestins  have  been  shown  to  suppress  ER 
and  PR  expression  in  addition  to  inducing 
CK5  expression  (14,  15).  To  further  test  if 
KLF5  contributes  to  the  reduction  of  ER  and 
PR  by  progestins,  we  treated  T47D  cells  with 
MPA  for  6  and  24  h  and  examined  the  KLF5, 
ER,  and  PR  expression.  With  the  induction  of 
KLF5,  MPA  also  dramatically  decreased  the 
ER  and  PR  expression  (Fig.  5A).  However, 
when  the  induction  of  KLF5  was  blocked  by 
KLF5  siRNA,  the  reduction  of  ER  and  PR  was 
not  affected  at  all.  These  results  imply  that  the 
MPA-induced  loss  of  ER  and  PR  expression  is 
not  mediated  by  KLF5. 

Finally,  we  examined  the  expression  of 
KLF5,  ER,  PR,  and  CK5  by  immunoblotting  in  a  panel  of 
eight  breast  cancer  cell  lines  (Fig.  5B).  In  agreement  with 
our  previous  report  (31),  KLF5  is  lowly  expressed  in  all 
ER+CK5—  and/or  PR+CK5—  breast  cancer  cell  lines 
(MCF7,  HCC1500,  MDA-MB-134,  and  T47D)  but 
highly  expressed  in  ER-PR-CK5+  breast  cancer  cell  lines 
(SW527,  HCC1937,  HCC1806,  and  SUM149).  This  ex¬ 
pression  pattern  suggests  that  the  KLF5  expression  may 
be  a  signature  of  ER-PR-CK5+  cells. 
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FIG.  4.  KLF5  is  sufficient  to  induce  the  CK5  expression  and  partially  contributes  to 
Pg-induced  CK5  expression  in  T47D.  A,  KLF5  induces  the  CK5  protein  expression  in 
T47D,  as  determined  by  immunofluorescence.  KLF5  was  delivered  into  T47D  by 
adenoviruses  with  the  GFP  marker  (the  GFP  expression  is  independently  regulated). 
The  GFP  adenoviruses  were  used  as  a  negative  control.  B,  KLF5  overexpression 
induced  the  CK5  mRNA  expression.  The  KLF5  and  CK5  mRNA  levels  were  measured 
by  qRT-PCR.  C,  KLF5  depletion  significantly  reduced  the  Pg-induced  CK5  expression. 
T47D  cells  were  transfected  with  Lucsi,  KLF5si,  and  F$i,  respectively,  and  were 
treated  with  or  without  100  nM  Pg  for  24  h.  The  KLF&kCK5,  and  SGK  mRNA  levels 
were  measured  by  qRT-PCR.  *,  P  <  0.01 .  Figures  show  representative  data  of  three 
independent  experiments.  DAPI,  4',6-Diamidino-2-phqiylindole. 


Discussion 


r  should  be  R 


Pg  and  its  cognate  receptor  PR  are  essential  for  normal 
breast  development  during  pregnancy  and  regulate  breast 
carcinogenesis.  However,  the  mechanisms  of  the  action  of 
Pg  and  PR  have  not  been  fully  understood.  For  the  first 
time,  we  demonstrate  that  the  KLF5  transcription  factor 
is  induced  by  Pg  and  PR  and  contributes  to  Pg-induced 
cell  proliferation  and  CK5  expression  in  PR-positive 
breast  cancer  cells.  Our  findings  may  reveal  a  novel  mech¬ 
anism  for  Pg  and  PR  to  regulate  the  development  of  nor¬ 
mal  breast  and  breast  cancer. 

KLF5  is  an  important  Pg/PR  downstream  gene  pro¬ 
moting  cell  cycle.  In  PR-positive  breast  cancer  cell  lines, 
Pg  induces  quiescent  cells  to  enter  the  cell  cycle  through 
up-regulating  several  Gx-S  phase  cell  cycle  proteins  in¬ 


cluding  Cyclin  D1  (32).  KLF5  has  also  been 
shown  to  induce  Cyclin  D1  (33).  However,  the 
induction  of  cyclin  D1  by  progestins  is  not 
mediated  by  KLF5  (data  not  shown).  The 
KLF5  direct  target  gene,  fibroblast  growth  fac- 
tor-BP,  was  also  not  induced  by  Pg  in  T47D 
(data  not  shown).  We  found  that  KLF5  is  es¬ 
sential  for  Pg  to  induce  the  expression  of  cell 
cycle  genes  including  Cyclin  A,  Cdtl ,  and 
E2F3  in  T47D  (Fig.  3E).  These  genes  have 
been  well  implicated  in  Pg-induced  breast  cell 
cycle  G^S  transition  (29). 

Pg  has  been  shown  to  reprogram  a  small  sub¬ 
set  of  ER+PR+CK5-  differentiated  luminal 
cells  into  ER-PR-CK5  +  progenitor  cancer  cells 
(14,  15).  Given  the  significant  role  of  KLF5  in 
maintaining  ESC  self-renewal  and  preventing 
their  differentiation,  it  is  not  surprising  that 
KLF5  contributes  to  Pg-initiated  cell  reprogram. 
KLF5  contributes  to  Pg-induced  cell  dedifferen¬ 
tiation  as  suggested  by  inducing  the  CK5  ex¬ 
pression  (Fig.  4).  Interestingly,  the  induction 
of  CK5  by  KLF5  in  T47D  showed  a  paracrine 
manner.  The  KLF5-negative  cells  next  to 
KLF5-positive  cells  also  expressed  CK5.  It  is 
possible  that  KLF5  induced  the  expression  of 
yet  to  be  identified  secreted  proteins  that  indi¬ 
rectly  induced  the  CK5  expression.  Our  result 
is  consistent  with  a  previous  report  that  Pg  acts 
by  a  paracrine  mechanism  in  mammary  epi¬ 
thelial  cells  (34).  In  T47D  cells,  Pg  only  in¬ 
duced  CK5  in  a  very  small  percentage  of  cells 
by  IF  (data  not  shown;  we  could  not  steadily 
detect  the  induced  CK5  by  immunoblotting). 
When  the  induction  of  KFF5  is  blocked,  the 
Pg-induced  CK5  mRNA  levels  were  signifi¬ 
cantly  reduced.  Thus,  KFF5  is  not  only  suffi¬ 
cient  to  induce  the  CK5  expression  but  also  essential  for 
Pg  to  efficiently  induce  the  CK5  expression. 

The  induction  of  KFF5  by  progestins  was  also  in  par¬ 
allel  with  the  reduction  of  ER/PR  in  T47D.  This  explains 
the  observation  that  KFF5  is  highly  expressed  in  ER-PR- 
CK5+  basal-like  breast  cancer  cells  although  KLF5  is 
induced  by  Pg  in  ER+PR+CK5—  luminal  breast  cancer 
cells.  Thus,  Pg  can  reprogram  the  ER+PR+KLF5-CK5  — 
breast  cancer  cells  into  the  ER-PR-KLF5  +  CK5+  cells  by 
inducing  the  expression  of  KFF5,  CK5,  and  other  genes. 
How  the  KLF5  expression  is  maintained  in  ER-PR— 
breast  cancer  cells  is  still  unknown.  Recently,  KLF5  has 
been  reported  to  interact  with  ERu  and  suppresses  its 
functions  (35).  However,  KLF5  is  not  responsible  for  the 
loss  of  ER/PR  after  progestin  stimulation.  Whether  KLF5 
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FIG.  5.  The  expression  of  KLF5  is  negatively  correlated  with  ER/PR  but 
positively  correlated  with  CK5  in  breast  cancer  cell  lines.  A,  The 
induction  of  KLF5  by  MPA  (20  /jlm)  was  in  parallel  with  the  reduction  of 
ER  and  PR  in  T47D.  KLF5  depletion  did  not  block  the  Pg-induced  loss 
of  ER  and  PR  expression.  B,  The  protein  expression  of  KLFS,  CK5,  ER, 
and  PR  in  eight  breast  cancer  cell  lines  was  measured  by 
immunoblotting.  GAPDH  was  used  as  a  loading  control.  Asterisk 
indicates  a  nonspecific  band.  Data  show  representative  result  of  three 
independent  experiments. 


KLF5  should  be  italicized 


contributes  to  progestin-induced  other  differentiation  gene 
expression  is  unknown.  Because  ER-PR-CK5+  cells  from 
luminal  breast  canceJs  are  less  prone  to  drug-induced  apo¬ 
ptosis  and  resistant  m  standard  endocrine  and  chemothera¬ 
pies  (16),  Pg/PR/KLFb  targeted  therapy  may  prevent  ER/PR- 
positive  breast  cancer  progression  and  overcome  the  drug 
resistance. 

Accumulated  evidence  suggests  that  KLF5  is  a  pro¬ 
proliferation  and  pro-survival  oncogenic  transcription 
factor  specifically  overexpressed  in  ER-PR-CK5+  breast 
cancers  (19,  20,  311).  The  transcription  of  KLF5  has  been 
shown  to  be  up-regulated  by  several  oncogenes  including 
Ras  (36),  ErbB2  ($7),  and  Wntl  (38).  We  demonstrated 
that  Pg  induces  th^KLFS  transcription  through  PR  (Fig.y 
3).  Interestingly,  KLF5  is  also  an  androgen-induced  gene 
in  androgen  receptor-positive  prostate  cancer  cell  lines 
(27,  39,  40).  Dexamethasome,  a  glucocorticoid  class  hor¬ 
mone,  can  also  induce  the  KLF5  expression  in  MCF7  (our 
unpublished  observation).  It  has  been  shown  that  the  PR 
level  is  down-regulated  in  late  pregnant  stage  and  be¬ 
comes  undetectable  during  lactation  (41).  Thus  the  high 
levels  of  KLF5  protein  and  mRNA  in  the  lactation  stage 
are  not  likely  due  to  Pg/PR.  It  is  possible  that  Pg  and  PR 
oVly  initiate  the  KLF5  expression  induction  during  the 
earV  pregnancy  stage.  During  the  late  pregnancy  and  lac¬ 


tation  stages,  the  KLF5  expression  level  could  be  main¬ 
tained  by  other  mechanism,  such  as  glucocorticoid  recep¬ 
tor.  Further  investigation  will  be  required  to  clarify  the 
mechanism  by  which  the  KFF5  expression  in  mammary 
glands  is  maintained  during  the  lactation  stage. 

The  Klf5  expression  is  up-regulated  after  pregnancy  in 
mice  (Fig.  1).  It  is  well  known  that  Pg  starts  to  increase  at 
early  pregnancy  so  that  the  induction  of  Klf5  in  mice  is 
likely  caused  by  Pg  and  PR.  The  PR  knockout  (PRKO) 
adult  mice  showed  defects  in  normal  breast  development 
(34,  42).  Because  the  klf5  homozygous  KO  mice  are  le¬ 
thal,  a  breast-specific  klf5  KO  mouse  model  will  be  essen¬ 
tial  to  evaluate  the  physiological  role  of  Klf5  in  normal 
breast  development.  We  are  currently  characterizing  the 
mouse  mammary  tumor  virus-Cre;  Klf5loxp/loxp  mice  (43). 
Given  the  essential  role  of  KFF5  in  the  Pg/PR  signaling 
pathway,  klf5  may  be  indispensable  for  normal  breast 
development.  | 

In  conclusion,  the  expression  of  KFF5  is  induced  by  Pg 
through  PR  in  PR-positive  breast  cancer  cell  lines  and 
probably  in  mouse  mammary  glands.  Importantly,  the 
induction  of  KFF5  partially  mediates  the  pro-prolifera¬ 
tion  and  dedifferentiation  functions  of  Pg  in  vitro.  KFF5 
contributed  to  Pg-induced  CyclinA ,  Cdtl ,  £2F3,  and 
CK5  expression.  Consistently,  KFF5  and  CK5  are  coex¬ 
pressed  in  ER-PRr  basal  type  breast  cancer  cell  lines. 
These  findings  suggest  that  the  induction  of  KFF5  tran¬ 
scription  factor  by  Pg  contributes  to  Pg-induced  breast 
cancer  cell  proliferation  and  dedifferentiation. 


Materials  and  Methods 

Tissue  culture,  transfection,  and  adenovirus  infection 

T47D,  MCF7,  BT474,  BT-20,  MD-MB-231,  and  other  breast 
cancer  cell  lines  were  cultured  as  described  previously  (19,  20).  All 
plasmids  and  siRNA  were  transfected  using  Lipofectamine  2000 
(Invitrogen,  Carlsbad,  CA).  The  KLF5  siRNA  has  been  described 
in  our  previous  study  (19).  The  target  sequences  of  PR  siRNA  are 
5 ' -TTTTCGACCCTCC AAGGACC-3 '  (no.  1)  and  5'-TATGTA- 
AGTTTCGAAAACC-3 ' ,  (no.  2)  (Ambion,  Austin,  TX).  The 
KLF5  and  control  GFP  adenoviruses  have  been  described  previ- 
,  ously  (18). 
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Reagents 

Pg  and  MPA  were  purchased  from  Sigma  (St.  Louis,  MO). 
The  anti-KLF5  antibody  has  been  described  in  our  previous 
study  (44).  The  anti-PR  and  anti-ERu  antibodies  were  pur¬ 
chased  from  Santa  Cruz  Biotechnology,  Inc.  (Santa  Cruz,  CA). 
The  anti-CK5  antibody  was  from  Leica  Microsystems  (Ban¬ 
nockburn,  IL).  The  anti-GAPDH  antibody  was  from  Cell  Sig¬ 
naling  Technology  (Danvers,  MA). 
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Quantitative  RT-PCR 

Total  RNA  were  isolated  from  tissues  or  cultured  cells  using 
TRIzol  reagent  (Invitrogen).  Reverse  transcriptions  were  per¬ 
formed  using  the  Iscript  cDNA  synthesis  kit  (Bio-Rad  Labora¬ 
tories,  Inc.,  Hercules,  CA).  Quantitative  PCR  was  performed  on 
the  ABI-7300  system  using  ABsolute  SYBR  Green  Fluorescein 
reagents  (Thermo  Fisher  Scientific,  Inc.,  Pittsburgh,  PA).  Primer 
sequences  for  KLF5,  CK5,  SGK,  CyclinA,  Cdtl,  E2F3,  and 
GAPDH  will  be  provided  upon  request. 


Dual  luciferase  assay 

The  1.9-kb  human  KLF5  gene  promoter  has  been  described 
previously  (27).  T47D  cells  were  seeded  in  24-well  plates  at 
1.2  X  105  cells  per  well.  The  cells  were  transfected  24  h  later 
with  the  KLF5  promoter  reporter  plasmid,  the  PR-B  expressing 
plasmid  (a  gift  from  Dr.  Kathryn  Horwitz,  University  of  Colo¬ 
rado),  and  an  internal  control  pRL-TK  in  triplicate.  One  day 
after  transfection,  the  cells  were  serum  starved  for  another  day 
followed  by  20  juM  MPA  treatment.  Luciferase  activities  were 
measured  24  h  later  by  using  the  dual  luciferase  reporter  assay 
system  (Promega  Corp.,  Madison,  WI). 
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CHIP  assay 

T47D  cells  were  incubated  with  100  nM  Pg  or  vehicle  for  1  h. 
The  ChIP  assay  was  performed  using  the  T47D  cells  following  a 
protocol  provided  by  Abeam  (Cambridge,  MA).  The  diluted  DNA- 
protein  complex  was  incubated  with  an  equal  amount  of  either 
anti-PR  al^ibody  or  rabbit  IgG  antibody  (Santa  Cruz,  CA)  over¬ 
night  at  4  C  in  the  presence  of  protein  A/G  beads.  Chromosomal 
DNA  was  purified  and  analyzed  by  PCR  for  the  presence  of  the 
KLFS  promoter.  PCR  primers  used  for  amplifying  the  KLF5  pro¬ 
moter  (-647  to  -447)  were:  5'-TCCGCGTCTCCACCCTA- 
ATT-3'  and  5 '  -AT GAGCAGGGAGAGAGGC AG-3 ' .  Two  prim¬ 
ers  ( 5 '  -ACACCAGACCGCAGCTCCA-3 '  and  5'-TCCATTGCT- 
GCTGTCTGATTTGTAG-3')  were  used  to  amplify  the  KLF5 
coding  sequence  (585-749).  The  Bcl-2  promoter  region  (  —  629  to 
—  388)  with  PR  binding  site  (28)  was  used  as  a  positive  control. 
Two  primers  used  were  5'-CTGGAGAGTGCTGAAGATTG-3' 
and  5 '  -ACACTACAAGTAACACGGC-3 ' . 


Thymidine  incorporation  assay 

T47D  cells  were  seeded  in  24-well  plates  and  were  trans¬ 
fected  with  siRNA  on  the  following  day.  One  day  after  trans¬ 
fection,  the  cells  were  serum-starved  for  1  d  followed  by  100  nM 
Pg  treatment  for  another  day.  The  cells  were  incubated  in  com¬ 
plete  medium  with  1  mCi/ml  [3Hjthymidine  (MP  Biomedical, 
Solon,  OH)  for  4  h.  The  incorporated  [3Hj thymidine  was  mea¬ 
sured  by  the  Beckman  LS-6500  scintillation  counter. 

Statistical  analysis 

The  luciferase  assay  and  the  DNA  synthesis  assay  were  con¬ 
ducted  in  triplicate.  When  appropriate,  the  data  were  pooled  to 
generate  means  ±  SD  and  were  analyzed  by  t  test.  P  <  0.05  was 
considered  to  be  significant. 


Acknowledgments 

We  thank  Dr.  K.B.  Horwitz  from  University  of  Colorado  for 
kindly  providing  the  PR  constructs. 


Address  all  correspondence  and  requests  for  reprints  to: 
Ceshi  Chen,  Albany  Medical  College,  Center  for  Cell  biology 
and  Cancer  Research,  Albany,  New  York.  E-mail:  chenceshi@ 
hotmail.com  or  chenc@mail.amc.edu. 

This  work  was  supported  by  a  grant  from  the  American 
Cancer  Society  (RSG-08-199-01),  a  grant  from  the  Department 
of  Defense  (W81XWH-07-1-0191),  and  a  grant  from  Yunnan 
Province  High-Profile  Talents  Program  (20100114). 

Disclosure  Summary:  The  authors  have  no  conflict  of  interest. 


References 

1.  Conneely  OM,  Mulac-Jericevic  B,  Arnett-Mansfield  R  2007  Pro¬ 
gesterone  signaling  in  mammary  gland  development.  Ernst  Schering 
Found  Symp  Proc,  pp  45-54 

2.  Ismail  PM,  Amato  P,  Soyal  SM,  DeMayo  FJ,  Conneely  OM, 
O’Malley  BW,  Lydon  JP  2003  Progesterone  involvement  in  breast 
development  and  tumorigenesis-as  revealed  by  progesterone  recep¬ 
tor  “knockout”  and  “knockin’’  mouse  models.  Steroids  68:779- 
787 

3.  Lange  CA  2008  Challenges  to  defining  a  role  for  progesterone  in 
breast  cancer.  Steroids  73:914-921 

4.  Lanari  C,  Lamb  CA,  Fabris  VT,  Helguero  LA,  Soldati  R,  Bottino 
MC,  Giulianelli  S,  Cerliani  JP,  Wargon  V,  Molinolo  A  2009  The 
MPA  mouse  breast  cancer  model:  evidence  for  a  role  of  progester¬ 
one  receptors  in  breast  cancer.  Endocr  Relat  Cancer  16:333-350 

5.  Schairer  C,  Lubin  J,  Troisi  R,  Sturgeon  S,  Brinton  L,  Hoover  R  2000 
Estrogen-progestin  replacement  and  risk  of  breast  cancer.  JAMA 
284:691-694 

6.  Kirsh  V,  Kreiger  N  2002  Estrogen  and  estrogen-progestin  replace¬ 
ment  therapy  and  risk  of  postmenopausal  breast  cancer  in  Canada. 
Cancer  Causes  Control  13:583-590 

7.  Beral  V  2003  Breast  cancer  and  hormone-replacement  therapy  in 
the  Million  Women  Study.  Lancet  362:419-427 

8.  Hissom  JR,  Moore  MR  1987  Progestin  effects  on  growth  in  the 
human  breast  cancer  cell  line  T-47D-possible  therapeutic  implica¬ 
tions.  Biochem  Biophys  Res  Commun  145:706-711 

9.  Liang  Y,  Besch- Williford  C,  Brekken  RA,  Hyder  SM  2007  Proges¬ 
tin-dependent  progression  of  human  breast  tumor  xenografts:  a 
novel  model  for  evaluating  antitumor  therapeutics.  Cancer  Res  67: 
9929-9936 

10.  Jabara  AG  1967  Effects  of  progesterone  on  9, 10-dimethyl- 1,2- 
benzanthracene-induced  mammary  tumours  in  Sprague-Dawley 
rats.  Br  J  Cancer  21:418-429 

11.  Benakanakere  I,  Besch-Williford  C,  Schnell  J,  Brandt  S,  Ellersieck 
MR,  Molinolo  A,  Hyder  SM  2006  Natural  and  synthetic  progestins 
accelerate  7, 12-dimethylbenz[a] anthracene-initiated  mammary  tu¬ 
mors  and  increase  angiogenesis  in  Sprague-Dawley  rats.  Clin  Can¬ 
cer  Res  12:4062-4071 

12.  Blank  EW,  Wong  PY,  Lakshmanaswamy  R,  Guzman  R,  Nandi  S 
2008  Both  ovarian  hormones  estrogen  and  progesterone  are  neces¬ 
sary  for  hormonal  mammary  carcinogenesis  in  ovariectomized  ACI 
rats.  Proc  Natl  Acad  Sci  USA  105:3527-3532 

13.  Concannon  PW,  Spraker  TR,  Casey  HW,  Hansel  W  1981  Gross 
and  histopathologic  effects  of  medroxyprogesterone  acetate  and 
progesterone  on  the  mammary  glands  of  adult  beagle  bitches.  Fertil 
Steril  36:373-387 

14.  Sartorius  CA,  Harvell  DM,  Shen  T,  Horwitz  KB  2005  Progestins 
initiate  a  luminal  to  myoepithelial  switch  in  estrogen-dependent 
human  breast  tumors  without  altering  growth.  Cancer  Res  65: 
9779-9788 

15.  Horwitz  KB,  Dye  WW,  Harrell  JC,  Kabos  P,  Sartorius  CA  2008 
Rare  steroid  receptor-negative  basal-like  tumorigenic  cells  in  lumi¬ 
nal  subtype  human  breast  cancer  xenografts.  Proc  Natl  Acad  Sci 
USA  105:5774-5779 


baltl  /zmg-mend/zmg-mend/zmg0071 1  /zmg4848-1 1  z 

xppws 

S=1 

4/29/11 

22:41 

4/Color  Figure(s):  F4 

Art:  me-1 0-0497 

Input-k50 

Liuefa/.  Progesterone  Induces  KLF5 


Mol  Endocrinol,  July  2011,  25(7):0000-0000 


no  page  number  yet,  highlighted  text  has  been  updated  to  "010-1078-6" 


16. 


K^Jbos  P,  Haughian  JM,  Wang  X,  Dye  WW,  Finlayson  C,  Elias  A, 
orwitz  KB,  Sartorius  CA  2010  Cytokeratin  5  positive  cells  repre¬ 
sent  a  steroid  receptor  negative  and  therapy  resistant  subpopulation 
in  luminal  breast  cancers.  Breast  Cancer  Res  Treat:DOI:  10.1007/ 
sl0549-l 0010-1 1078 -10546 

17.  Haslam  S  2010  Role  of  progesterone  in  the  etiology  of  breast  cancer 
in  an  animal  model.  BIT’s  3rd  World  Cancer  Congress:  Breast  Can¬ 
cer  Conference:146. 

18.  Chen  C,  Benjamin  JVP 


24, 


meeting  location  is 


zhou  z,  cheng  x,  sin  Shanghai,  China.  146  is 

proliferation  and  tumcaljstract  page  number. 

Prl  human  bladder  cal _ _ _ 


19. 


20, 


21 


22. 


Zheng  HQ,  Zhou  Z,  Huang  J,  Chaudhury  L,  Dong  JT,  Chen  C 
2009  Kruppel-like  factor  5  promotes  breast  cell  proliferation  par¬ 
tially  through  upregulating  the  transcription  of  fibroblast  growth 
factor  binding  protein  1.  Oncogene  28:3702-3713 
Liu  R,  Zheng  HQ,  Zhou  Z,  Dong  JT,  Chen  C  2009  KLF5  promotes 
breast  cell  survival  partially  through  fibroblast  growth  factor-bind¬ 
ing  protein  1-pERK-mediated  dual  specificity  MKP-1  protein  phos¬ 
phorylation  and  stabilization.  J  Biol  Chem  284:16791-16798 
Oishi  Y,  Manabe  I,  Tobe  K,  Tsushima  K,  Shindo  T,  Fujiu  K, 
Nishimura  G,  Maemura  K,  Yamauchi  T,  Kubota  N,  Suzuki  R, 
Kitamura  T,  Akira  S,  Kadowaki  T,  Nagai  R  2005  Kruppel-like 
transcription  factor  KLF5  is  a  key  regulator  of  adipocyte  differen¬ 
tiation.  Cell  Metab  1:27-39 

Fujiu  K,  Manabe  I,  Ishihara  A,  Oishi  Y,  Iwata  H,  Nishimura  G, 
Shindo  T,  Maemura  K,  Kagechika  H,  Shudo  K,  Nagai  R  2005 
Synthetic  retinoid  Am80  suppresses  smooth  muscle  phenotypic 
modulation  and  in-stent  neointima  formation  by  inhibiting  KLF5. 
Circ  Res  97:1132-1141 

23.  Jiang  J,  Chan  YS,  Loh  YH,  Cai  J,  Tong  GQ,  Lim  CA,  Robson  P, 
Zhong  S,  Ng  HH  2008  A  core  Klf  circuitry  regulates  self-renewal  of 
embryonic  stem  cells.  Nat  Cell  Biol  10:353-360 
Parisi  S,  Passaro  F,  Aloia  L,  Manabe  I,  Nagai  R,  Pastore  L,  Russo  T 
2008  Klf5  is  involved  in  self-renewal  of  mouse  embryonic  stem 
cells.  J  Cell  Sci  121:2629-2634 

25.  Ben-Porath  I,  Thomson  MW,  Carey  VJ,  Ge  R,  Bell  GW,  Regev  A, 
Weinberg  RA  2008  An  embryonic  stem  cell-like  gene  expression 
signature  in  poorly  differentiated  aggressive  human  tumors.  Nat 
Genet  40:499-507 

Tong  D,  Czerwenka  K,  Heinze  G,  Ryffel  M,  Schuster  E,  Witt  A, 
Leodolter  S,  Zeillinger  R  2006  Expression  of  KLF5  is  a  prognostic 
factor  for  disease-free  survival  and  overall  survival  in  patients  with 
breast  cancer.  Clin  Cancer  Res  12:2442-2448 
Chen  C,  Zhou  Y,  Zhou  Z,  Sun  X,  Otto  KB,  Uht  RM,  Dong  JT  2004 
Regulation  of  KLF5  involves  the  Spl  transcription  factor  in  human 
epithelial  cells.  Gene  330:133-142 

Yin  P,  Lin  Z,  Cheng  YH,  Marsh  EE,  Utsunomiya  H,  Ishikawa  H, 
Xue  Q,  Reierstad  S,  Innes  J,  Thung  S,  Kim  JJ,  Xu  E,  Bulun  SE  2007 
Progesterone  receptor  regulates  Bcl-2  gene  expression  through  di¬ 
rect  binding  to  its  promoter  region  in  uterine  leiomyoma  cells.  J  Clin 
Endocrinol  Metab  92:4459-4466 

Graham  JD,  Mote  PA,  Salagame  U,  van  Dijk  JH,  Balleine  RL, 
Huschtscha  LI,  Reddel  RR,  Clarke  CL  2009  DNA  replication  li¬ 
censing  and  progenitor  numbers  are  increased  by  progesterone  in 
normal  human  breast.  Endocrinology  150:3318-3326 


26, 


27, 


28. 


29, 


30.  Boonyaratanakornkit  V,  McGowan  E,  Sherman  L,  Mancini  MA, 
Cheskis  BJ,  Edwards  DP  2007  The  role  of  extranuclear  signaling 
actions  of  progesterone  receptor  in  mediating  progesterone  regula¬ 
tion  of  gene  expression  and  the  cell  cycle.  Mol  Endocrinol  21:359  — 
375 

31.  Zhao  D,  Zheng  HQ,  Zhou  Z,  Chen  C  2010  The  Fbw7  tumor 
suppressor  targets  KLF5  for  ubiquitin-mediated  degradation  and 
suppresses  breast  cell  proliferation.  Cancer  Res  70:4728-4738 

32.  Said  TK,  Conneely  OM,  Medina  D,  O’Malley  BW,  Lydon  JP  1997 
Progesterone,  in  addition  to  estrogen,  induces  cyclin  D1  expression 
in  the  murine  mammary  epithelial  cell,  in  vivo.  Endocrinology  138: 
3933-3939 

33.  Bateman  NW,  Tan  D,  Pestell  RG,  Black  JD,  Black  AR  2004  Intes¬ 
tinal  tumor  progression  is  associated  with  altered  function  of  KLF5. 
J  Biol  Chem  279:12093-12101 

34.  Brisken  C,  Park  S,  Vass  T,  Lydon  JP,  O’Malley  BW,  Weinberg  RA 
1998  A  paracrine  role  for  the  epithelial  progesterone  receptor  in 
mammary  gland  development.  Proc  Natl  Acad  Sci  USA  95:5076- 
5081 

35.  Guo  P,  Dong  XY,  Zhao  KW,  Sun  X,  Li  Q,  Dong  JT  2010  Estrogen- 
induced  interaction  between  KLF5  and  estrogen  receptor  (ER)  sup¬ 
presses  the  function  of  ER  in  ER-positive  breast  cancer  cells.  Int  J 
Cancer  126:81-89 

36.  Sun  R,  Chen  X,  Yang  VW  2001  Intestinal-enriched  Kruppel-like 
factor  (Kruppel-like  factor  5)  is  a  positive  regulator  of  cellular  pro¬ 
liferation.  J  Biol  Chem  276:6897-6900 

37.  Beckers  J,  Herrmann  F,  Rieger  S,  Drobyshev  AL,  Horsch  M,  Hrabe 
de  Angelis  M,  Seliger  B  2005  Identification  and  validation  of  novel 
ERBB2  (HER2,  NEU)  targets  including  genes  involved  in  angiogen¬ 
esis.  Int  J  Cancer  114:590^597 

38.  Ziemer  LT,  Pennica  D,  Levine  AJ  2001  Identification  of  a  mouse 
homolog  of  the  human  BTEB2  transcription  factor  as  a  j8-catenin- 
independent  Wnt-l-responsive  gene.  Mol  Cell  Biol  21:562-574 

39.  Frigo  DE,  Sherk  AB,  Wittmann  BM,  Norris  JD,  Wang  Q,  Joseph 
JD,  Toner  AP,  Brown  M,  McDonnell  DP  2009  Induction  of  Krup¬ 
pel-like  factor  5  expression  by  androgens  results  in  increased 
CXCR4-dependent  migration  of  prostate  cancer  cells  in  vitro.  Mol 
Endocrinol  23:1385-1396 

40.  Lee  MY,  Moon  JS,  Park  SW,  Koh  YK,  Ahn  YH,  Kim  KS  2009  KLF5 
enhances  SREBP-1  action  in  androgen-dependent  induction  of  fatty 
acid  synthase  in  prostate  cancer  cells.  Biochem  J  417:313-322 

41.  Aupperlee  MD,  Smith  KT,  Kariagina  A,  Haslam  SZ  2005  Proges¬ 
terone  receptor  isoforms  A  and  B:  temporal  and  spatial  differences 
in  expression  during  murine  mammary  gland  development.  Endo¬ 
crinology  146:3577-3588 

42.  Lydon  JP,  DeMayo  FJ,  Funk  CR,  Mani  SK,  Hughes  AR,  Montgom¬ 
ery  Jr  CA,  Shyamala  G,  Conneely  OM,  O’Malley  BW  1995  Mice 
lacking  progesterone  receptor  exhibit  pleiotropic  reproductive  ab¬ 
normalities.  Genes  Dev  9:2266-2278 

43.  Wan  H,  Luo  F,  Wert  SE,  Zhang  L,  Xu  Y,  Ikegami  M,  Maeda  Y,  Bell 
SM,  Whitsett  JA  2008  Kruppel-like  factor  5  is  required  for  perinatal 
lung  morphogenesis  and  function.  Development  135:2563-2572 

44.  Chen  C,  Sun  X,  Ran  Q,  Wilkinson  KD,  Murphy  TJ,  Simons  JW, 
Dong  JT  2005  Ubiquitin-proteasome  degradation  of  KLF5  tran¬ 
scription  factor  in  cancer  and  untransformed  epithelial  cells.  Onco¬ 
gene  24:3319-3327 


The  WWP1  Ubiquitin  E3  Ligase  Increases  TRAIL  Resistance 


in  Breast  Cancer 


Zhongmei  Zhou1’2,  Rong  Liu2,  Ceshi  Chen1,2* 


1  Key  Laboratory  of  Animal  Models  and  Human  Disease  Mechanisms  of  Chinese  Academy 
of  Sciences  &  Yunnan  Province,  Kunming  Institute  of  Zoology,  Kunming,  Yunnan, 
650223,  China 

2The  Center  for  Cell  Biology  and  Cancer  Research,  MS355,  Albany  Medical  College,  47 
New  Scotland  Ave.  Albany,  NY,  12208,  USA 


Correspondence  should  be  addressed  to:  chenc@mail.kiz.ac.cn 


Running  title:  WWP1  confers  TRAIL  resistance 


Key  words:  WWP1,  TRAIL,  Caspase-8,  Apoptosis,  Breast  cancer 


International  Journal  of  Cancer 


Page  2  of  30 


ABSTRACT 

WW  domain  containing  E3  ubiquitin  protein  ligase  1  (WWP1)  is  an  HECT 
domain-containing  E3  ligase  regulating  apoptosis.  The  WWP1  gene  is  frequently  amplified 
and  overexpressed  in  estrogen  receptor  a  (ERa)-positive  breast  cancer.  Inhibition  of 
WWP1  by  siRNA  induced  apoptosis  in  MCF7  and  HCC1500.  In  this  study,  we 
demonstrate  that  WWP1  depletion  by  siRNA  activated  the  extrinsic  apoptotic  pathway. 
WWP1  depletion-induced  apoptosis  was  rescued  by  the  overexpression  of  the  wild  type 
WWP1  but  not  the  E3  ligase  inactive  WWP1-C890A  mutant  in  MCF7  cells.  In  contrast, 
WWP1-C890A  enhanced  apoptosis,  suggesting  that  the  E3  ligase  activity  is  required  for 
WWP1  to  promote  cell  survival.  The  expression  levels  of  WWP1  in  four  breast  cancer  cell 
lines  were  specifically  correlated  with  the  tumor  necrosis  factor  (TNF)-related 
apoptosis-inducing  ligand  (TRAIL)  resistance,  but  not  TNFa  and  doxorubicin  resistance. 
Both  WWP1  depletion  and  dominant  negative  (DN)  WWP1  overexpression  increased  the 
TRAIL-induced  caspase-8  recruitment  and  apoptosis  although  WWP1  did  not  regulate 
FLIP  and  death  receptor  levels.  Depletion  of  the  initial  caspase-8  blocked  WWP1 
inhibition-induced  apoptosis  in  MCF7.  These  findings  suggest  that  inhibition  of  WWP1 
may  be  combined  with  TRAIL  to  suppress  ERa-positive  breast  cancer  cell  survival. 
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INTRODUCTION 

WWP1  is  an  HECT  (homologous  to  the  E6-associated  protein  carboxyl  terminus) 
domain-containing  ubiquitin  E3  ligase.  Accumulated  evidence  suggests  that  WWP1  plays 
an  important  role  in  cancers.  We  previously  reported  that  the  expression  levels  of  WWP1 
were  frequently  up-regulated  in  a  subset  of  prostate  and  breast  cancers1, 2.  The  expression 
of  WWP1  in  breast  tumors  correlated  with  the  positive  estrogen  receptor  (ERa)  status3, 4. 
Forced  overexpression  of  WWP1  promoted  breast  cell  growth  ’  ’  .  WWP1  depletion  in 
ERa-positive  (MCF7,  HCC1500,  and  T47D)  breast  cancer  cell  lines  suppressed  cell 
proliferation  and  induced  apoptosis2"5.  Similar  results  were  observed  in  the  MDCK  canine 
kidney  epithelial  cell  line6,  PC-3  prostate  cancer  cell  line1,  and  HCT116  colon  cancer  cell 
line7.  WWP1  depletion  sensitized  HCT116  cells  to  Doxorubicin  and  Cisplatin-induced 
apoptosis7. 

WWP1  promotes  cell  proliferation  and  survival  likely  through  multiple  mechanisms. 
WWP1  regulates  the  EGF  signaling  pathway  by  modulating  the  ErbB48, 9,  EGFR,  and 
ErbB2  levels5.  Additionally,  WWP1  negatively  regulates  the  TGF-p  signaling  pathway  by 
targeting  TGF-P  receptor  1  (TpRl)10,  Smad26,  and  Smad4n  for  degradation.  WWP1  is  the 
ubiquitin  E3  ligase  for  apoptosis  related  transcription  factors  KLF512  and  p637. 

The  TNF-related  apoptosis-inducing  ligand  (TRAIL)  is  a  chemotherapeutic  drug  with 
strong  anti-tumor  activity  in  breast  caner  and  minimal  cytotoxity  to  most  normal  cells  and 
tissues13.  However,  resistance  to  TRAIL-mediated  apoptosis  in  breast  cancer  cells  is  a 
challenge  for  the  successful  application  of  TRAIL  in  cancer  therapy14.  TRAIL  activates  the 
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extrinsic  apoptosis  pathway  through  binding  with  death  receptors  (DR4  and  DR5). 
Subsequently,  an  initial  caspase,  pro-caspase-8,  is  recruited  for  oligomerization  and 
self-cleavage15, 16 .  Activated  caspase-8  induces  apoptosis  by  directly  cleaving  effector 
caspases,  e.g.  caspase-3  and  -717.  Additionally,  caspase-8  can  also  indirectly  activate 
caspase-9  through  cleaving  Bid  .  The  role  of  WWP1  in  the  TRAIL- induced  extrinsic 
apoptosis  pathway  has  not  been  reported.  In  this  study,  we  demonstrate  that  WWP1 
suppressed  TRAIL-induced  apoptosis  through  inhibiting  caspase-8  activation  in  an  E3 
ligase  activity  dependent  manner.  Our  findings  suggest  that  WWP1  inhibition  may  be  used 
to  overcome  TRAIL-resistance  in  ERa-positive  breast  cancers. 
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MATERIALS  AND  METHODS 

Breast  cancer  cell  lines 

MCF7,  HCC1500,  MDA-MB-231,  and  SW527  breast  cancer  cell  lines  were  cultured  as 
described  in  our  previous  studies2’ 5. 

Antibodies  (Abs)  and  reagents 

The  mouse  anti-human  monoclonal  WWP1  Ab  is  from  Novus  Biologicals  (Littleton,  CO). 
The  anti-PARP,  anti-caspase-8,  -7,  -9,  and  pJNK  Abs  are  from  Cell  Signaling  (Danvers, 
MA).  The  anti-FLIP  Ab  and  human  TRAIL  are  from  Enzo  Life  Science  (Plymouth 
Meeting,  PA).  The  anti-FLAG  M2  and  anti-P-actin  Abs  are  from  Sigma.  Western  blotting 
(WB)  was  performed  as  described  in  our  previous  study4.  The  phycoerythrin  (PE) 
conjugated  anti-DR4,  DR5,  and  control  mouse  IgG  are  from  R&D  systems,  Inc 
(Minneapolis,  MN).  The  membrane  protein  levels  of  DR4  and  DR5  were  analyzed  by  flow 
cytometry  as  described  in  our  previous  study5. 

Knockdown  (KD)  of  WWP1  and  caspase-8 

WWP1  KD  by  siRNA  was  performed  as  described  in  our  previous  studies  ’  .  All  siRNA 
transfection  was  performed  using  Lipofectamine  2000  (Invitrogen,  Carlsbad,  CA).  All 
chemically  synthesized  siRNAs  were  purchased  from  Ambion  (Austin,  TX)  and 
transfected  at  10-25  nM  final  concentration.  The  siRNA  target  sequence  for  the  CASP8 
gene  is  5’-  GATCAGAATTGAGGTCTTT-  3’. 
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A  lentiviral  pSIH-Hl-puro  vector  was  used  to  express  WWP1  shRNAs.  Two  WWP1 
shRNAs  were  designed  according  to  the  WWP1  siRNA  target  sequences  (5’- 
GAGTTGATGATCGTAGAAG  -3’  and  5’-  GACCAAAGCTTTCCTTGAT  -3’).  The 
luciferase  (Luc)  shRNA  was  used  as  the  negative  control.  All  lentiviral  plasmids  and  the 
packing  plasmids  were  co-transfected  into  HEK293FT  cells.  Lentiviruses  were  collected  at 
72  hrs  after  transfection  and  used  to  transduce  MCF7  cells  in  a  24-well  plate.  Twenty-four 
hours  after  transduction,  puromycin  (2  pg/ml)  was  added  to  select  drug  resistant  cell 
populations. 

Stable  expression  of  WWP1  in  MCF7 

The  WWP1  siRNA  resistant  pLenti6-WWPl  vector  has  been  described  in  our  previous 
study5.  The  WWP1  siRNA  resistant  pLenti6-WWPl-C890A  vector  was  generated  using 
the  same  strategy.  The  pLenti6-lacZ  vector  was  used  as  the  negative  control.  All  plasmids 
were  transfected  into  HEK293FT  packing  cells.  Lentiviruses  were  collected  at  72  hrs  after 
transfection  and  used  to  transduce  MCF7  cells  in  a  6-well  plate.  Forty  eight  hrs  after 
transduction,  the  cells  were  trypsinized  and  seeded  into  60-mm  dishes.  Blasticidin  (10 
pg/ml)  was  added  to  select  drug-resistant  cells. 

Measurement  of  cell  viability  and  apoptosis 

Breast  cancer  cells  were  transfected  with  the  WWP1  siRNA  and  Luc  control  siRNA  for 
two  days.  If  applied,  different  concentrations  of  TRAIL,  TNFa,  and  Doxorubicin  were 
added  for  24  hrs.  The  propidium  iodide  (PI )  staining,  flow  cytometry,  cell  viability  assays 
were  performed  as  described  in  our  previous  study2.  The  student  t-test  was  used  to 
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determine  statistical  differences  between  the  experimental  and  control  groups.  The  result 
was  considered  statistically  significant  if  a  P- value  is  smaller  than  0.05.  MCF7  is  a 
caspase-3  deficient  cell  line19.  Cleaved  PARP  and  caspase-8,  -9,  and  -7  protein  levels 
were  detected  by  WB. 

Immunoprecipitation  of  the  death-inducing  signaling  complex  (DISC) 

TRAIL-induced  DISC  was  immunoprecipitated  and  subjected  to  immunoblotting  analysis. 
In  brief,  lxlO7  MCF7  (LacZ,  WWP1,  WWPlm,  Lucsh,  and  WWPlsh)  cells  were  digested 
and  treated  with  1  pg  Flag-TRAIL  (Alexis,  San  Diego,  CA)  and  4.6  pg  anti-Flag 
monoclonal  M2  Ab  for  30  mins  at  37°C.  Flag-TRAIL-induced  DISC  was 
immunoprecipitated  with  protein  A/G  Plus-Agrose  (Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA).  For  the  unstimulated  control,  the  cells  were  first  lysed  then  incubated  with 
mixed  Flag-TRAIL/anti-Flag  M2  Ab/protein  A/G  Plus-Agrose. 
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RESULTS 

WWP1  KD  activated  the  extrinsic  apoptotic  pathway 

Previously,  we  reported  that  WWP1  KD  by  siRNA  induced  apoptosis  in  MCF7  and 
HCC1500  breast  cancer  cells2.  Caspase-9,  -7,  and/or  -3  were  activated  in  both  cell  lines2. 
To  determine  whether  the  WWP1  KD  activates  the  extrinsic  apoptotic  pathway,  we 
transfected  MCF7  and  HCC1500  cells  with  the  WWP1  siRNA  and  Luc  negative  control 
siRNA,  respectively  and  tested  the  activation  of  the  initial  caspase-8  and  c-Jun 
NH2-terminal  kinase  (JNK),  both  contribute  to  the  TRAIL- activated  extrinsic  apoptotic 
pathway20’21.  After  WWP1  was  knocked  down,  the  cleaved  caspase-8  and  pJNK  protein 
levels  were  dramatically  upregulated  in  both  MCF7  and  HCC1500  cells  (Fig.  1A).  These 
findings  suggest  that  WWP1  depletion  activates  the  extrinsic  apoptotic  pathway. 

WWP1  siRNA-induced  apoptosis  can  be  rescued  by  the  wild  type  (WT)  WWP1  but 
not  the  catalytic  inactive  WWP1-C890  mutant 

To  eliminate  the  possible  off-target  effects  of  siRNA  and  to  determine  if  the  WWP1  E3 
ligase  activity  is  required  for  WWP1  to  promote  breast  cancer  cell  survival,  we  performed 
a  rescue  experiment  in  MCF7.  The  siRNA-resistant  WT  WWP1  and  the  catalytic  inactive 
WWP1-C890  mutant  were  overexpressed  in  MCF7  respectively.  The  WWP1 
siRNA-induced  caspase-8,  -9,  -7,  and  PARP  cleavage  and  JNK  activation  were  almost 
completely  blocked  by  WT  WWP1,  but  not  by  the  catalytic  inactive  WWP1-C890  mutant 
(Fig.  IB).  In  contrast,  WWP1-C890  increased  the  WWP1  siRNA-induced  caspase-8,  -7, 
and  PARP  cleavage  and  JNK  activation,  suggesting  that  WWP1-C890  functions  as  a 
dominant  negative  (DN)  form  of  WWP1. 
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High  expression  levels  of  WWP1  correlated  with  the  TRAIL-resistance  in  four  breast 
cancer  cell  lines 

Since  WWP1  inhibition  activates  the  extrinsic  apoptotic  pathway,  we  wondered  if  WWP1 
suppresses  TRAIL-  and  TNFa-induced  apoptosis  in  breast  cancer.  WWP1  is  highly 
expressed  in  ERa-positive  breast  cancer  cell  lines  including  MCF7  and  HCC1500,  but  not 
in  ERa-negative  breast  cancer  cell  lines  including  MDA-MB-231  and  SW527  (Fig.  2A). 
Interestingly,  MDA-MB-231  and  SW527  cells  were  sensitive  to  TRAIL  while  MCF7  and 
HCC1500  cells  were  resistant  to  TRAIL  (Fig.  2B).  However,  their  responses  to  TNFa 
were  opposite  (Fig.  2C).  These  breast  cancer  cell  lines  showed  similar  sensitivities  to  the 
DNA  damage  drug  Doxorubicin  (Fig.  2D). 

The  inhibition  of  WWP1  sensitized  TRAIL-resistant  breast  cancer  cells  to 
TRAIL-induced  apoptosis 

Since  the  inhibition  of  WWP1  by  siRNA  or  DN  WWP1  activated  the  extrinsic  apoptotic 
pathway  and  the  expression  levels  of  WWP1  correlated  with  TRAIL-resistance  in  four 
breast  cancer  cell  lines,  we  then  tested  if  the  inhibition  of  WWP1  sensitizes 
TRAIL-resistant  breast  cancer  cells  to  TRAIL-induced  apoptosis.  As  shown  in  Fig.  3A, 
WWP1  depletion  by  siRNA  in  combination  with  TRAIL  (25  ng/ml)  induced  more 
cleavage  of  caspase-8,  -7  and  PARP  than  WWP1  depletion  or  TRAIL  alone  did  in  both 
MCF7  and  HCC1500  cells.  The  increases  of  apoptosis  in  MCF7  and  HCC1500  were 
further  confirmed  by  the  PI  staining  analysis  (Fig.  3A).  Similarly,  the  inhibition  of  WWP1 
by  DN  WWP1  sensitized  MCF7  cells  to  TRAIL-induced  caspase-8,  -7,  and  PARP 
cleavage  (Fig.  3B).  In  contrast,  the  overexpression  of  WT  WWP1  in  MCF7  almost 
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completely  blocked  TRAIL-induced  caspase-8,  -7,  and  PARP  cleavage  (Fig.  3B).  Stable 
WWP1  KD  in  MCF7  by  two  different  shRNAs  also  increased  TRAIL-induced  caspase-8 
and  -7  activation  (Fig.  3C)  as  well  as  the  cell  viability  decrease  (Fig.  3D).  These  results 
suggest  that  the  inhibition  of  WWP1  by  either  siRNA  or  DN  WWP1  sensitizes 
TRAIL-resistant  breast  cancer  cells  to  TRAIL-induced  apoptosis. 

The  inhibition  of  WWP1  did  not  regulate  the  FLIP  and  death  receptor  (DR)  protein 
levels  but  increased  the  caspase-8  recruitment  into  the  DISC 

To  explore  the  possible  mechanism  by  which  WWP1  promoted  TRAIL-resistance  in  breast 
cancer,  we  first  examined  the  FLIPl/s  (long/short  isoforms)  protein  levels  in  MCF7 
because  the  WWP1  closely  related  family  member  Itch/AIP4  has  been  shown  to  target 
FLIP  for  proteasomal  degradation  '  .  When  WWP1  was  stably  knocked  down  by  two 
different  shRNA  in  MCF7,  the  FLIPl  and  FLIPs  protein  levels  were  unchanged  (Fig.  4A). 
Consistently,  the  overexpression  of  WT  or  DN  WWP1  did  not  alter  the  FLIP  protein  levels 
(Fig.  4A).  WWP1  KD  did  not  change  the  protein  levels  of  FADD,  RIP1,  ASK1,  and 
MEKK2  in  MCF7  and  HCC1500  cells  (data  not  shown).  The  protein  levels  of  DR4  and 
DR5  were  examined  by  flow  cytometry.  As  shown  in  Fig.  4B,  MCF7  cells  only  express 
DR5.  The  expression  of  DR4  in  MCF7  was  undetectable.  The  DR5  levels  were  not 
changed  by  WWP1  KD  in  MCF7  (Fig.  4B). 

Flag-TRAIL-induced  DISC  was  immunoprecipitated  from  MCF7  cells  overexpressing 
LacZ,  WWP1,  DN-WWP1,  Lucsh,  and  WWPlsh.  As  shown  in  Fig.  4C,  FADD  and 
caspase-8  were  not  co-immunoprecipitated  with  Flag-TRAIL  and  DR5  in  unstimulated 
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control  cells.  Interestingly,  the  endogenous  WWP1  protein  was  co-immunoprecipitated 
with  Flag-TRAIL  and  DR5.  Importantly,  both  DN  WWP1  and  WWP1  KD  increased  the 
recruitment  of  caspase-8  while  WT  WWP1  had  little  effect.  DN  WWP1  and  WWP1  KD 
did  not  increase  the  recruitment  of  FADD  (Fig.  4C). 

Inhibition  of  WWP1 -induced  apoptosis  depended  on  caspase-8 

To  better  understand  the  signaling  pathway  by  which  WWP1  promoted  breast  cancer  cell 
survival  and  TRAIL-resistance,  we  tested  the  role  of  caspase-8  by  knocking  down 
caspase-8  in  MCF7  cells.  As  shown  in  Fig.  5A,  KD  of  caspase-8  protected  MCF7  cells 
from  the  WWP1  siRNA-induced  apoptosis,  as  measured  by  the  cleavage  of  caspase-8  -7 
and  PARP.  The  results  were  confirmed  by  the  cell  viability  assay.  Indeed,  KD  of  caspase-8 
significantly  rescued  the  WWP1  siRNA-induced  loss  of  cell  viability  (Fig.  5B).  Similarly, 
DN  WWP1 -induced  apoptosis  was  also  blocked  by  the  depletion  of  caspase-8  in  MCF7  in 
the  absence  and  presence  of  TRAIL  (Fig.  5C-D).  Interestingly,  caspase-8  depletion  also 
partially  rescued  loss  of  MCF7  cell  viability  induced  by  the  long  term  TRAIL  treatment  in 
combination  with  Lucsi  transfection  (Fig.  5D).  These  results  clearly  indicate  that  caspase-8 
is  essential  for  WWP1  to  promote  cancer  cell  survival  and  TRAIL  resistance. 
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DISCUSSION 

In  this  study,  we  present  several  lines  of  evidence  to  suggest  that  WWP1  may  be  associated 
with  TRAIL-resistance  in  a  subset  of  breast  cancers  for  the  first  time.  Firstly,  the 
expression  of  WWP1  positively  correlated  with  the  TRAIL  resistance  in  four  breast  cancer 
cell  lines.  Secondly,  the  inhibition  of  WWP1  increased  the  TRAIL-induced  apoptosis  in 
TRAIL-resistant  MCF7  and  HCC1500.  Additionally,  the  overexpression  of  WWP1 
decreased  the  TRAIL-induced  apoptosis  in  an  E3  ligase  activity  dependent  manner.  Lastly, 
the  inhibition  of  WWP1  induced  apoptosis  through  caspase-8,  an  initial  caspase  in  the 
extrinsic  apoptotic  pathway  that  is  also  essential  for  TRAIL  to  induce  cell  death. 

Our  data  suggest  that  WWP1  may  be  a  biomarker  and  regulator  of  TRAIL  sensitivity. 
Recently,  Rahman  M  et  al.,  reported  that  ER/PR/HER2  triple-negative  breast  cancer  cells 
with  a  mesenchymal  phenotype  are  more  sensitive  to  TRAIL  than  ERa-positive  breast 
cancer  cells  14 .  The  WWP1  ubiquitin  E3  ligase  is  frequently  overexpressed  in  ERa-positive 
breast  cancer  cell  lines  and  primary  tumors2'4.  Interestingly,  the  WWPlhlgh  breast  cancer 
cell  lines,  such  as  MCF7,  HCC1500,  and  T47D  are  resistant  to  TRAIL  while  the  WWPllow 
breast  cancer  cell  lines,  such  as  MDA-MB-231,  SW527,  Hs578T,  MDA-MB-157,  and 
ZR-75-1  are  sensitive  to  TRAIL  (This  study  and  references2’  14’25>26).  KD  of  WWP1 
directly  induced  apoptosis  and  increased  the  TRAIL  efficacy  in  TRAIL-resistant  breast 
cancer  cell  lines.  Therefore,  WWP1  targeted  therapy  in  combination  with  TRAIL  may  be 
an  attractive  strategy  to  treat  ERa-positive  breast  cancer. 
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Although  WWP1  functioned  through  the  caspase-8  dependent  extrinsic  apoptotic  pathway 
and  WWPl’s  E3  ligase  activity,  the  exact  molecular  mechanism  by  which  WWP1 
specifically  associates  with  TRAIL  resistance,  but  not  with  TNFa  resistance,  in  breast 
cancer  cells  is  still  unclear  at  present.  FLIP  has  been  well  documented  to  cause  TRAIL 
resistance  in  cancers27'29.  The  WWP1  family  member  Itch  promotes  FLIP  degradation22"24; 
however,  WWP1  appears  not  to  regulate  the  FLIP  levels  in  MCF7.  Similarly,  WWP1  does 
not  regulate  the  DR4/5,  FADD,  RIP,  and  caspase-8  protein  levels  as  well.  Similar  to  Itch, 
WWP1  was  recruited  into  DISC  after  the  TRAIL  treatment.  The  increase  of  the 
pro-caspase-8  recruitment  may  explain  why  inhibition  of  WWP1  sensitized  MCF7  cancer 
cells  to  TRAIL.  Overexpression  of  WT  WWP1  did  not  decrease  the  pro-caspase-8 
recruitment  in  MCF7,  indicating  other  mechanisms  may  be  involved.  However,  WWP1 
did  not  ubiquitinate  caspase-8  (data  not  shown).  The  WWP1  known  substrates,  including 
KLF512,  p637,  and  ErbB48’ 9,  have  not  been  shown  to  regulate  TRAIL-induced  apoptosis. 
Thus,  the  direct  mechanism  of  action  of  WWP1  in  the  TRAIL-induced  apoptosis  needs 
further  elucidated  in  the  future. 

In  summary,  we  found  that  the  overexpression  of  WWP1  correlated  with  the  TRAIL 
resistance  in  several  human  breast  cancer  cell  lines.  Functionally,  the  inhibition  of  WWP1 
by  RNAi  or  the  overexpression  of  DN  WWP1  induced  apoptosis  and  sensitized  breast 
cancer  cells  to  TRAIL-induced  apoptosis.  The  WWP1  pro-survival  function  depended  on 
its  E3  ligase  activity  and  caspase-8.  These  results  indicate  that  WWP1  could  be  a  potential 
biomarker  and  therapeutic  target  in  ERa-positive  TRAIL-resistant  breast  cancers. 
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FIGURE  LEGENDS 

Figure  1.  The  inhibition  of  WWP1  activated  the  extrinsic  apoptotic  pathway 

A.  WWP1  KD  by  siRNA  increased  the  pJNK  and  cleaved  caspase-8  levels  in  both  MCF7 
and  HCC1500  cells.  Lucsi  was  used  as  the  negative  control  for  the  WWP1  siRNA2.  The 
cells  were  transfected  with  siRNAs  for  two  days.  Apoptosis  is  indicated  by  the  cleavage  of 
caspase-8,  -9,  -7  and  PARP.  The  protein  levels  were  detected  by  WB.  The  molecular 
weight  for  each  protein  is  indicated  at  the  right  side  of  panels,  p-actin  was  used  as  the 
loading  control.  CL  means  cleaved. 

B.  The  overexpression  of  WT  WWP1*,  but  not  the  ligase  inactive  WWP1-C890A 
(WWPlm*),  rescued  the  WWP1  (W)  siRNA-induced  apoptosis  in  MCF7.  Luc  (L)  siRNA 
was  used  as  the  negative  control.  Both  WT  WWP1*  and  WWPlm*  were  silently  mutated 
to  resist  to  the  WWP1  siRNA.  WWPlm*  enhanced  WWP1  siRNA-induced  apoptosis  in 
MCF7.  LacZ  was  used  as  the  negative  control  for  WWP1. 

Figure  2.  High  expression  levels  of  WWP1  were  specifically  associated  with  the 
TRAIL  resistance  in  four  breast  cancer  cell  lines 

A.  Expression  levels  of  the  WWP1  protein  in  four  breast  cell  lines  were  detected  by  WB. 
P-actin  was  used  as  the  loading  control.  The  quantitative  ratios  (WWP1 /p-actin)  by  suing 
the  Multi  Gauge  software  are  indicated  below  the  panel. 

B.  The  TRAIL  sensitivity  of  four  breast  cancer  cell  lines  was  measured  by  the 
Sulphorhodamine-B  (SRB)  assay.  MCF7  and  HCC1500  were  resistant  to  TRAIL;  but 
MDA-MB-231  and  SW527  were  sensitive  to  TRAIL.  Different  concentration  of  TRAIL 
(0-50  ng/ml)  were  used  to  treat  cancer  cells  foe  one  day. 
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C.  The  TNFa  (0-10  ng/ml)  sensitivity  of  four  breast  cancer  cell  lines 

D.  The  Doxorubicin  (0-500  nM)  sensitivity  of  four  breast  cancer  cell  lines 

Figure  3.  The  inhibition  of  WWP1  increased  the  TRAIL  sensitivity  in 
TRAIL-resistant  breast  cancer  cell  lines 

A.  WWP1  KD  by  siRNA  and  TRAIL  (25  ng/ml)  additively  induced  apoptosis  in  MCF7 
and  HCC1500  as  detected  by  WB  and  flow  cytometry.  The  cells  were  transfected  with 
siRNAs  for  two  days  and  were  treated  with  TRAIL  for  one  day.  Apoptosis  is  indicated  by 
the  cleavage  of  caspase-8,  -7  and  PARP  in  the  left  panel.  The  right  panel  shows  the 
quantitative  apoptotic  data  (sub-Gl  cells),  as  detected  by  the  PI  staining  and  flow 
cytometry,  *,  P<0.05;  **,  P<0.01  (t-test). 

B.  The  overexpression  of  WT  WWP1*  reduced,  but  WWPlm*  increased,  the  TRAIL  (25 
ng/ml)  -induced  apoptosis  in  MCF7.  Apoptosis  is  indicated  by  the  cleavage  of  caspase-8, 
-7  and  PARP. 

C.  WWP1  KD  by  two  different  shRNA  and  TRAIL  (25  ng/ml)  additively  induced 
apoptosis  in  MCF7  as  detected  by  WB.  Apoptosis  is  indicated  by  the  cleavage  of  caspase-8 
and  -7.  The  41/43  KDa  cleaved  caspase-8  bands  are  shown  (*). 

D.  WWP1  KD  by  two  different  shRNAs  and  TRAIL  additively  decreased  the  cell  viability 
in  MCF7  as  detected  by  the  SRB  assay.  The  cells  were  treated  with  25  ng/ml  TRAIL  for 
two  days.  The  killing  effects  of  TRAIL  are  shown. 

Figure  4.  The  inhibition  of  WWP1  did  not  regulate  the  FLIP  and  DR  protein  levels 
but  increased  the  caspase-8  recruitment  into  DISC  in  MCF7 
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A.  WWP1  KD  by  two  different  shRNA  did  not  alter  the  FLIPl  (long  isoform)  and  FLIPs 
(short  isoform)  protein  levels.  The  overexpression  of  WT  WWP1*  or  WWPlm*  did  not 
change  the  FLIP  protein  levels  as  well. 

B.  WWP1  KD  by  two  different  shRNA  did  not  alter  the  DR4  and  DR5  protein  levels,  as 
determined  by  flow  cytometry.  IgG  was  used  as  the  negative  control.  No  DR4  was  detected 
in  MCF7  cells  by  flow  cytometry. 

C.  DN-WWP1  and  WWP1  KD  increased  the  caspase-8  recruitment  into  DISC  in  MCF7. 
MCF7  cells  overexpressing  LacZ,  WWP1,  DN-WWP1,  Lucsh,  and  WWPlsh#l  were 
immunoprecipitated  by  Flag-TRAIL/anti-Flag  M2  Ab  before  (+)  and  after  (-)  the  cells 
were  lysed  and  subjected  to  immunoblotting  with  different  Abs,  as  indicated. 

Figure  5.  The  inhibition  of  WWP1  induced  apoptosis  partially  through  caspase  8 

A.  Caspase-8  KD  by  siRNA  reduced  the  WWP1  siRNA-induced  apoptosis  in  MCF7.  The 
cells  were  transfected  with  siRNAs  for  two  days.  Apoptosis  is  indicated  by  the  cleavage  of 
caspase-7  and  PARP. 

B.  Caspase-8  KD  by  siRNA  significantly  rescued  the  WWP1  siRNA-induced  apoptosis  in 
MCF7.  Cell  viability  was  measured  by  the  SRB  assay,  *,  P<0.05  (t-test). 

C.  WWPlm*  increased  the  TRAIL-induced  apoptosis  partially  through  Caspase-8. 
Caspase-8  KD  by  siRNA  dramatically  blocked  the  WWPlm*  induced  apoptosis  in  MCF7 
in  the  absence  and  presence  of  TRAIL,  as  determined  by  WB.  The  cells  were  transfected 
with  siRNAs  for  one  day  and  were  treated  with  TRAIL  for  one  day.  Apoptosis  is  indicated 
by  the  cleavage  of  caspase-7  and  PARP. 
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D.  Caspase-8  KD  significantly  rescued  the  WWPlm*  induced  cell  viability  decrease  in 
MCF7  in  the  absence  and  presence  of  TRAIL,  as  determined  by  the  SRB  assay,  **,  P<0.01 
(t-test).  The  cells  were  transfected  with  siRNAs  for  three  days  and  were  treated  with 
TRAIL  for  two  days. 
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1.  ABSTRACT 

WW  domain-containing  E3  ubiquitin  protein  ligase 
1  (WWP1)  is  a  multifunction  protein  containing  an  N- 
terminal  C2  domain,  four  tandem  WW  domains  for 
substrate  binding,  and  a  C-terminal  catalytic  HECT  domain 
for  ubiquitin  transferring.  WWP1  has  been  suggested  to 
function  as  the  E3  ligase  for  several  PY  motif  containing 
proteins,  such  as  Smad2,  KLF5,  p63,  ErbB4/HER4, 
RUNX2,  RNF11,  SPG20,  and  Gag,  as  well  as  several  non- 
PY  motif  containing  proteins,  such  as  TbetaRl,  Smad4, 
KLF2,  and  EPS  15.  WWP1  regulates  a  variety  of  cellular 
biological  processes  including  protein  trafficking  and 
degradation,  signaling,  transcription,  and  viral  budding. 
WWP1  has  been  implicated  in  several  diseases,  such  as 
cancers,  infectious  diseases,  neurological  diseases,  and 
aging.  In  this  review  article,  we  extensively  summarize  the 
current  knowledge  of  WWP1  with  special  emphasis  on  the 
roles  and  action  of  mechanism  of  WWP1  in  signaling  and 
human  diseases. 


2.  INTRODUCTION 

WWP1  (WW  domain-containing  E3  ubiquitin 
protein  ligase  1),  TIUL1  (TGIF-interacting  ubiquitin  ligase 
1)  (1),  or  AIP5  (Atropin-1 -interacting  protein  5)  (2)  is  a 
C2-WW-HECT  (homologous  to  E6-AP  COOH  terminus) 
type  ubiquitin  E3  ligase.  The  C2-WW-HECT  E3  ligase 
family  contains  nine  members,  i.e.  NEDD4-1  NEDD4- 
2/NEDD4L,  WWP1,  WWP2/AIP2,  Itch/AIP4,  SMURF1, 
SMURF2,  NEDL1,  and  NEDL2.  All  of  them  share  three 
common  functional  domains:  an  N-terminal  Ca2+/lipid- 
binding  C2  domain,  2-4  substrate-binding  WW  domains, 
and  a  C-terminal  catalytic  HECT  domain  (3).  The  NEDD4- 
like  family  is  involved  in  a  diverse  variety  of  cellular 
processes,  such  as  membrane  protein  trafficking,  protein 
degradation,  signaling,  transcription,  and  apoptosis  (3-6). 
Several  family  members  have  been  implicated  in  cancers, 
hypertension,  neurological  diseases,  bone  metabolism,  and 
immune  diseases  (3).  Accumulating  evidence  indicates  that 
WWP1  plays  important  roles  in  cancers,  infectious  diseases, 
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Figure  1.  A.  The  diagram  of  the  WWP1  protein  domains.  The  WWP1  protein  contains  922  amino  acid  residues.  The  C2  domain 
at  N-terminus  is  responsible  for  membrane  and  protein  binding.  The  four  WW  domains  in  the  central  region  are  responsible  for 
the  interaction  with  substrate  proteins.  The  WW1  and  WW3  are  type  I  WW  domains  that  recognize  PY  motifs.  The  HECT 
domain  at  the  C-terminus  is  responsible  for  the  ubiquitin-protein  ligase  activity.  The  Cystein-890  is  the  catalytic  activation  site.  B. 
WWP1  regulates  different  substrates  in  different  cellular  processes. 


and  neurological  diseases.  We  attempt  to  comprehensively 
summarize  the  recent  progresses  of  WWP1  investigations 
including  the  protein  structure  and  functions,  gene 
expression,  regulation,  substrates,  and  animal  models. 

3.  BIOCHEMISTRY  OF  WWP1 

3.1.  WWP1  protein  structure 

The  human  WWP1  protein  contains  922  amino  acid 
residues  with  the  molecular  weight  of  -110  KDa.  It 
contains  a  C2  domain,  four  WW  domains,  and  a  HECT 
domain  (Figure  la).  The  N- terminal  C2  domain  may 
mediate  the  protein-protein  interaction,  Ca2+  dependent 
membrane  binding,  and  enzyme  activation  according  to  the 
studies  on  other  WWP1  family  members,  such  as  NEDD4 
(7-9)  and  SMURF2  (10).  Consistently,  WWP1  is 
predominately  localized  to  the  endosome  (11). 

WWP1  has  four  tandem  WW  domains  in  its  central 
part.  The  WW  domain  is  composed  of  38-40  semi- 
conserved  residues  with  two  conserved  tryptophans  (W) 


that  are  spaced  20-22  residues  apart  and  has  been  shown  to 
mediate  protein-protein  interaction  (12).  The  WW  domain 
binds  to  Pro-rich  polypeptide  ligands,  such  as  PPXY  (PY 
motif),  PPLP,  PPR,  or  p(S/T)P  (13).  WW#1  and  #3  of 
WWP1  are  type  I  WW  domains  that  bind  to  PY  motifs  with 
higher  affinities  as  compared  to  WW#2  and  #4  (14-16). 
The  C-terminus  of  WWP1  possesses  a  HECT  domain  that 
interacts  with  an  ubiquitin  (Ub)  conjugation  enzyme  (i.e. 
UbcH5)  and  is  responsible  for  its  ubiquitin  E3  ligase 
enzyme  activity  (17).  E3  ligases  are  key  enzymes  for 
protein  ubiquitination  because  they  determine  substrate 
specificity.  To  date,  28  out  of  over  600  ubiquitin  E3  ligases 
have  been  identified  to  be  HECT  type  E3s  in  mammalian 
cells.  The  catalytic  cy stein  (C)  890  of  human  WWP1  is 
responsible  for  ubiquitin  transferring  (1). 

3.2.  WWP1  gene  expression 

The  WWP1  gene  is  highly  conserved  among 
different  animals  including  C.  elegans,  chicken,  mouse,  and 
human.  The  C.  elegans  wwp-1  gene  encodes  792  amino 
acid  residues  (18).  The  human  WWP1  gene  is  localized  on 
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chromosome  8q21  and  encompasses  26  exons,  which  span 
at  least  142  kb  DNA  (19).  The  8q21  chromosome  region  is 
frequently  amplified  in  several  human  cancers,  including 
prostate  and  breast  cancers.  We  reported  that  gain  of  gene 
copy  number  for  WWP1  was  detected  in  31-51%  of 
prostate  and  breast  cancers  (20,  21).  Furthermore,  the 
WWP1  gene  is  mutated  in  human  cancers.  In  30  prostate 
cancer  samples,  two  sequence  alterations  that  change  the 
WWP1  protein  sequence  were  detected  (20).  However,  the 
functions  of  these  mutations  have  not  been  characterized. 

The  WWP1  mRNA  is  ubiquitously  expressed  in 
multiple  tissues.  Mosser  et  al.,  investigated  the  WWP1 
mRNA  expression  by  Northern  blot  and  found  that  WWP1 
is  highly  expressed  in  the  heart  and  skeletal  muscle  (14). 
This  result  was  confirmed  by  an  independent  Northern  blot 
study  (2).  Quantitative  PCR  results  indicated  that  WWP1  is 
highly  expressed  in  the  liver,  heart,  and  testis  (22).  Several 
studies  showed  that  the  WWP1  mRNA  is  normally 
expressed  in  the  prostate  and  breast  at  low  levels  (22,  23); 
however,  it  is  dramatically  elevated  in  a  subset  of  prostate 
and  breast  tumors  (20,  21,  24). 

The  WWP1  mRNA  undergoes  alternative  splicing. 
WWP1  shows  two  splice  variants  in  different  human  tissues 
by  Northern  blot  (2,  14).  Flasza  et  al.,  identified  six  WWP1 
splice  variants  by  RT-PCR  in  the  T47D  human  breast 
cancer  cell  line  (25).  By  Northern  blot,  Huang  et  al, 
demonstrated  that  mouse  Wwpl  mRNA  has  four  different 
splice  variants  that  are  highly  expressed  in  the  heart,  kidney, 
liver,  and  testis  (18).  The  relative  ratios  of  different  splice 
products  appear  to  be  tissue-specific.  The  WWP1  mRNA 
alternative  splicing  may  be  functional  relevant.  Some 
isoforms  without  the  C2  domain  may  have  distinct  or 
dominant  negative  functions  (25).  We  found  an  extra, 
smaller  WWP1  protein  band  below  the  wild  type  WWP1 
band  in  two  prostate  cancer  cell  lines  PC-3  and  LAPC-4 
(20). 

3.3.  WWP1  protein  subcellular  localization:  membrane, 
cytoplasm,  or  nucleus? 

The  WWP1  protein  is  predominantly  localized  in 
the  early  endosome,  in  the  cytoplasm,  and  occasionally  in 
the  nucleus.  By  immunofluorescence  (IF)  analysis,  Seo  et 
al .,  demonstrated  that  exogenous  WWPl/Tiull  protein  is 
expressed  in  both  the  nucleus  and  cytoplasm  of  MDCK 
canine  kidney  epithelial  cells  (1).  Consistently,  we  found 
that  WWP1  is  expressed  in  both  the  nucleus  and  cytoplasm 
of  the  22Rvl  prostate  cancer  cell  line  (11,  23).  It  is  worth 
pointing  out  that  the  WWP1  protein  is  predominantly 
localized  in  cytoplasmic  punctate  membrane  structures  and 
occasionally  localized  in  the  nucleus  (11).  Flasza  et  al ., 
demonstrated  that  WWP1  is  localized  to  the  early 
endosome  in  C2C12  murine  skeletal  muscle-derived 
myoblast  cells  (26).  By  immunohistochemistry  (IHC),  Huu 
et  al .,  detected  both  nuclear  and  cytoplasmic  endogenous 
WWP1  protein  expression  in  breast  tumors  (24).  However, 
we  only  detected  the  cytoplasmic  WWP1  protein 
expression  in  breast  tumors  using  a  mouse  monoclonal  anti- 
WWP1  antibody  (27).  Thus,  all  studies  support  the 
cytoplasmic  localization  of  WWP1  while  the  nuclear 
localization  of  WWP1  is  context  dependent. 


3.4.  Regulation  of  WWP1 

WWP1  has  been  shown  to  be  regulated  at  the 
transcriptional  level.  WWP1  mRNA  levels  are  increased 
during  osteoblast  differentiation  (28).  We  found  that 
transforming  growth  factor  p  (TGFP)  induced  WWP1 
mRNA  expression  in  HaCaT  and  PC3  cells  (3).  WWP1  has 
been  suggested  to  suppress  TGFp  signaling  through 
targeting  Smad2  and  a  type  I  receptor  (TpRl)  for 
degradation  (1,  22).  It  is  possible  that  the  induction  of 
WWP1  by  TGFp  is  a  negative  feedback  mechanism  for 
controlling  the  TGFp  signaling  pathway.  Additionally,  we 
found  that  DNA  damage  chemotherapeutic  drugs 
(Doxorubicin  and  Cisplatin)  induced  WWP1  in  a  p53- 
dependent  manner  in  MCF10A  and  HCT116  cells  (15). 
However,  Wwpl  mRNA  levels  decreased  after  exposure  to 
UY-  or  y-irradiation  in  p53  wild  type  mouse  embryo 
fibroblast  cells  (29).  Thus,  DNA  damage  may  regulate  the 
WWP1  expression  through  p53  in  a  cell  line  dependent 
manner.  Nevertheless,  these  results  imply  that  WWP1  is  a 
downstream  target  gene  of  p53.  Interestingly,  WWP1 
negatively  regulates  the  activities  of  p53  and  its  closely 
related  family  member  p63  (15,  29).  Further  investigations 
are  necessary  to  elucidate  the  mechanism  by  which  WWP1 
is  regulated  by  p53. 

In  addition,  WWP1  is  frequently  up-regulated  in 
reproductive  hormone  related  cancers  including  prostate 
and  breast  cancers  (20,  24,  27).  WWP1  has  been  suggested 
to  be  induced  by  androgen  in  the  LAPC9  prostate  cancer 
cell  line  (30).  However,  this  result  could  not  be  verified  in 
the  LNCaP  prostate  cancer  cell  line  (unpublished 
observation).  We  reported  that  the  WWP1  protein 
expression  correlates  with  the  estrogen  receptor  (ERa) 
positive  status  in  breast  tumors  (27).  However,  WWP1  is 
not  an  estrogen  responsive  gene  in  the  ERa-positive  MCF7 
breast  cancer  cell  line  (unpublished  observation).  Whether 
the  WWP1  expression  is  regulated  by  other  hormones  is 
unclear. 

We  previously  showed  that  the  WWP1  protein  is 
degraded  by  the  26S  proteasome  (3).  The  half-life  of 
WWP1  protein  is  about  3  hours  in  22Rvl  cells.  The 
proteasome  inhibitor  MG  132  could  dramatically  increase 
the  WWP1  protein  levels  in  MCF10A  and  22RV1  cells  (3). 

Finally,  the  cellular  localization  of  WWP1  is 
regulated  by  the  Notch  signaling.  Notch  could  deplete 
WWP1  out  of  the  nucleus,  and  co-localize  with  WWP1  in 
early  endosomes.  In  non-differentiated  C2C12  cells, 
WWP1  is  distributed  in  both  the  nucleus  and  cytoplasm. 
When  the  cells  were  induced  to  differentiate,  the 
localization  of  WWP1  was  exclusively  in  the  cytoplasm 
(26).  Whether  WWP1  is  regulated  by  other 
posttranslational  modifications,  such  as  phosphorylation,  is 
currently  unknown.  Understanding  the  regulatory 
mechanisms  of  WWP1  will  help  us  design  effective 
strategies  for  targeting  the  WWP1  pathway  in  diseases. 

4.  WWP1 -MODIFIED  SUBSTRATE  PROTEINS 

As  an  ubiquitin  E3  ligase,  WWP1  interacts  with  a  variety 
of  substrate  proteins  and  regulates  their  expression 
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Table  1,  The  list  of  WWP1  interacting  proteins 


WWP1  interacting  proteins 

Regulation 

Functions 

References 

PY  motif  containing  substrates  I 

ErbB4/HER4 

Degradation 

Differentiation  and  cancer 

(16,  38) 

p63 

Degradation 

Apoptosis  and  cancer 

(15) 

KLF5 

Degradation 

Proliferation,  apoptosis,  and  cancer 

(23,  49) 

RNF11 

Ubiquitination,  no  degradation 

EGFR  and  ErbB2  degradation 

(11) 

Spartin  (SPG20) 

mUb,  no  degradation 

Troyer  syndrome 

(44,  45) 

Nogo-A 

Degradation 

Central  nervous  system  regeneration 

(66) 

Smad2 

Degradation 

TGFP  signaling 

(1,  20) 

No  degradation 

Adaptor  for  RUNX2 

(28) 

Smad7 

No  degradation 

TGFP  signaling 

(1,  22) 

RUNX2 

Degradation 

Osteoblast  differentiation 

(28,  55,  56) 

Gag 

mUb,  no  degradation 

Virus  budding 

(59,  60,  63,  70) 

Atrophin-1 

Muscular  dystrophy 

(2) 

WBP-1/2 

Co-activator  of  PR  and  ER 

(70,71) 

RasGAP 

Apoptosis  and  migration 

(70) 

p53-BP2 

(70) 

IL6Ra 

Inflammatory  response 

(70) 

NF-E2  (p45) 

Globin  gene  transcription 

(14) 

Non-PY  motif  containing  substrates  I 

T(3R1 

Degradation 

TGFp  signaling 

(1,22) 

Smad4 

Degradation 

TGFP  signaling 

(20,31) 

TGIF 

No  degradation 

Adaptor  for  Smad2 

(1) 

Shn3 

No  degradation 

Adaptor  for  RUNX2 

(55) 

p53 

Subcellular  localization 

Apoptosis 

(29) 

KLF2 

Degradation 

Transcription 

(50) 

EPS  15 

mUb,  no  degradation 

Trafficking 

(3) 

Abbreviations:  mUb,  mono-ubiquitination 


levels  and  activities.  To  date,  WWP1  has  been  shown  to 
function  as  the  E3  ligase  for  T(3R1,  Samd2,  ErbB4/HER4, 
RNF11,  SPG20,  KLF5,  p63,  RUNX2,  and  others  (Figure 
lb  and  Table  1). 

4.1.  TGFp  signaling  pathway 

The  TGFp  superfamily  regulates  cell  proliferation, 
differentiation,  apoptosis,  and  migration  in  numerous  cell 
types.  TGFp  ligands  bind  to  a  type  II  receptor  (TpR2), 
which  recruits  and  phosphorylates  TpRl.  Then,  TpRl 
recruits  and  phosphorylates  receptor-regulated  Smads  (R- 
Smads),  Smad2  and  Smad3.  The  phosphorylated  R-Smads 
bind  to  the  common  Smad4,  enter  the  nucleus,  and  form 
transcription  complexes  to  regulate  gene  expression. 

Accumulating  evidence  suggests  that  WWP1 
negatively  regulates  the  TGFp  signaling  pathway  (1,  20, 
22).  WWP1  inhibits  TGFp-induced  transcriptional 
activities  as  well  as  PAI-1  and  JunB  expression  (1,  22).  In 
addition,  overexpression  of  WWP1  in  MDCK  cells  reduces 
the  TGFp-induced  growth  inhibition  (1).  Among  eight 
Smads,  WWP1  can  strongly  interact  with  Smad2,  3,  6,  7 
proteins,  weakly  with  Smadl  and  5,  but  not  with  Smad4 
and  Smad8,  which  do  not  contain  a  PY  motif  (1,  22). 
WWP1  directly  targets  Smad2  for  ubiquitination  and 
degradation  in  the  presence  of  TGIF  (1,  22).  Two 
independent  studies  suggest  that  WWP1  targets  TpRl  for 
ubiquitin-mediated  degradation  through  the  Samd7  adaptor 
(1,  22).  Moren  et  al. ,  reported  that  WWP1  uses  Samd7  to 
induce  Smad4  ubiquitination  and  degradation  (31).  Thus, 
WWP1  inhibits  the  TGF-P  signaling  pathway  directly  or 
indirectly  by  targeting  the  TpRl,  Smad2,  and/or  Smad4 
proteins  for  degradation. 

4.2.  Epithelial  growth  factor  (EGF)  signaling  pathway 

The  EGF  receptor  (EGFR)  subfamily  of  receptor 


tyrosine  kinases  are  cell-surface  receptors,  consisting  of  4 
homologous  members:  EGFR,  ErbB2/HER2,  ErbB3,  and 
ErbB4/HER4  (32).  EGFRs  are  overexpressed  in  multiple 
tumors,  including  breast  cancer  and  lung  cancer  (33). 

ErbB4  has  three  PY  motifs  that  are  the  targets  of 
several  WW  domain  containing  proteins,  such  as  WWOX 
(34),  YAP  (35,  36)  and  AIP4/Itch  (37).  Recently,  two 
independent  studies  suggest  that  WWP1  promotes  ErbB4 
protein  ubiquitination  and  degradation  (16,  38).  The 
protein-protein  interaction  between  WWP1  and  ErbB4  is 
through  the  first  and  third  WW  domains  of  WWP1  and  the 
second  PY  motif  (PPAY)  of  ErbB4-CYTl  that  overlaps 
with  the  docking  site  (YTPM)  of  PI3K  (16).  The 
phosphorylated  tyrosine  will  activate  the  PI3K/AKT 
survival  signaling  pathway  (39)  while  the  non- 
phosphorylated  PY  motif  may  facilitate  WWP1  and  Itch 
binding.  Thus,  the  tyrosine  phosphorylation  of  ErbB4  may 
act  as  a  binary  switch  for  ErbB4’s  activity  and  stability.  A 
similar  regulation  has  been  observed  in  RNA  Polymerase  II 
(13). 

ErbB4  is  well  known  to  undergo  a  two-step 
proteolytic  cleavage,  during  which  a  membrane- anchored 
fragment  of  80  kDa  is  first  produced  and  a  soluble  80-kDa 
fragment  is  subsequently  liberated  (40).  WWP1 -mediated 
degradation  is  more  efficient  for  the  full-length  ErbB4 
protein  and  for  the  membrane- anchored  fragment  as 
compared  to  the  soluble  fragment  (38).  Unlike  other  EGFR 
subfamily  members,  the  ErbB4/HER4  expression  correlates 
with  positive  ERa,  lower  tumor  grade,  and  a  better 
prognosis  (41,  42).  Intriguingly,  the  expression  levels  of 
WWP1  and  ErbB4  seem  to  be  correlated  in  breast  cancer 
cell  lines  (16). 

Additionally,  our  previous  study  showed  that 
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WWP1  overexpression  also  upregulated  the  EGFR  and 
ErbB2  expression  levels  in  MCF10A  and  MDA-MB-231 
breast  cell  lines  in  a  manner  independent  of  E3  ligase 
activity  (11).  WWP1  depletion  decreased  the  cell  surface 
EGFR  and  ErbB2  levels.  The  regulation  of  EGFR  and 
ErbB2  by  WWP1  may  partially  rely  on  RNF11,  a  PY  motif 
containing  RING  finger  type  E3  ligase  promoting  EGFR 
and  ErbB2  protein  degradation.  The  interaction  between 
WWP1  and  RNF11  is  through  the  first  and  third  WW 
domains  of  WWP1  and  the  PY  motif  of  RNF1 1  (11). 

EGFR  is  well  known  to  undergo  rapid  endocytosis 
upon  ligand  stimulation.  SPG20/Saprtin  is  necessary  for 
efficient  degradation  of  EGFR  (43).  Recently,  two 
independent  studies  suggested  that  WWP1  interacts  with 
SPG20  through  WW/PY  motifs  (44,  45).  SPG20  can  be 
recruited  to  the  endosome  and  to  lipid  droplets  (44,  45). 
While  WWP1  overexpression  can  promote  SPG20  mono- 
ubiquitination,  the  mono-ubiquitination  of  endogenous 
SPG20  is  not  affected  by  WWP1  depletion  (44,  45). 
Interestingly,  SPG20  interacts  with  EPS  15,  an  endocytosis 
protein  also  mono-ubiquitinated  by  WWP1  (3,  44). 

Taken  together,  WWP1  may  regulate  the  EGF 
signaling  pathway  by  not  only  directly  targeting  ErbB4  for 
degradation  but  also  indirectly  inhibiting  EGFR  and  ErbB2 
endocytosis  through  other  proteins,  including  RNF11, 
SPG20,  and  EPS  15. 

4.3.  Kruppel-like  factor  (KLF)  family 

The  KLF  family  members  are  well  established  zinc 
finger  transcription  factors  that  play  critical  roles  in  cell 
proliferation,  survival,  differentiation,  and  sternness  (46). 
Both  KLF5  and  KLF2  have  been  implicated  in  cancers  and 
cardiovascular  diseases  and  reported  to  be  WWP1 
substrates. 

KLF5  promotes  cell  proliferation,  survival,  and 
angiogenesis  (47).  KLF5  turns  over  rapidly  through  the 
ubiquitin-proteasome  pathway  (48).  The  KLF5 
trans activation  domain  contains  a  PY  motif  that  interacts 
with  the  WW  domains  of  WWP1  (23).  The  E3  ligase 
activity  of  WWP1  is  essential  for  WWP1  to  target  KLF5 
for  ubiquitination  and  degradation  (23).  WWP1  depletion 
increases  the  endogenous  KLF5  protein  levels  in  MCF10A, 
MCF7,  and  PC-3  (23,  49).  As  expected,  the  expression  of 
WWP1  is  negatively  correlated  with  that  of  KLF5  in 
human  breast  cancer  cell  lines  (49). 

In  contrast  to  KLF5,  KLF2  does  not  have  a  PY 
motif.  Zhang  et  al. ,  reported  that  WWP1  interacted  with  the 
inhibitory  domain  of  KLF2,  ubiquitinated  KLF2,  and 
targeted  it  for  proteasomal  degradation  in  an  E3  ligase- 
independent  manner  (50).  These  findings  suggest  that 
WWP1  may  facilitate  KLF2  ubiquitination  and  degradation 
as  an  adaptor  protein.  Whether  endogenous  WWP1 
regulates  KLF2  has  not  been  investigated. 

4.4.  p53  family 

The  p53  transcription  factor  family  contains  three 
members,  p53,  p63,  and  p73.  p53  is  a  well-known  tumor 
suppressor  that  responds  to  diverse  cellular  stresses  and 


induces  cell  cycle  arrest,  apoptosis,  and  senescence  (51). 
p53  has  been  reported  to  be  ubiquitinated  by  several  E3 
ligases,  such  as  MDM2  (52),  Pirh2  (53),  and  WWP1  (29). 

Laine  et  al  reported  that  WWP1  interacts  with  the 
p53  DNA-binding  domain.  The  proline-rich  domain  of  p53 
does  not  have  a  PY  motif  but  increases  the  efficiency  of 
protein-protein  interaction  (29).  WWP1  ubiquitinated  p53 
in  an  E3  ligase  dependent  manner  and  increased  the  nuclear 
export  of  p53  (29).  We  demonstrated  that  WWP1  targeted 
p63  for  ubiquitin-mediated  protein  degradation  (15).  Using 
different  promoters,  p63  can  be  expressed  as  ANp63  and 
TAp63  that  have  an  opposite  function  in  terms  of  apoptosis. 
The  pro- survival  ANp63  protein  is  the  predominant  p63 
isotype  in  the  prostate  and  breast  (15).  There  are  three 
isoforms  (a,  p,  y)  for  both  ANp63  and  TAp63.  WWP1 
interacts  with  p63a  through  WW-PY  motifs  and  targets 
p63a  for  ubiquitin-mediated  proteasomal  degradation  (15). 
In  ANp63  positive  breast  cells,  WWP1  depletion  confers 
apoptosis  resistance  (15).  Whether  WWP1  targets  the  PY 
motif  containing  p73  for  degradation  has  not  been  tested. 
Interestingly,  WWP1  is  induced  by  DNA  damage  agents  in 
a  p53  dependent  manner  (15).  Thus,  WWP1  is  p53 
downstream  gene  that  can  inhibit  p53  family  member 
activities  through  a  feedback  mechanism. 

4.5.  RUNX2 

RUNX2  is  a  principle  transcription  factor  for 
osteoblast  differentiation  and  associates  with  tumor  growth 
in  the  bone  (54).  RUNX2  is  frequently  overexpressed  in 
invasive  breast  and  prostate  cancers  (54).  WWP1  uses  Shn3 
or  Smad6  as  adaptors  to  target  RUNX2  for  ubiquitination 
and  degradation  although  RUNX2  itself  has  a  PY  motif  (55, 
56).  Shn3  increases  the  protein  interaction  between  WWP1 
and  RUNX2  (55).  Mice  lacking  Shn3  (55)  or  Wwpl 
display  increased  bone  mass  (personal  communication  with 
Dr.  Lianping  Xing  at  University  of  Rochester).  Surprisingly, 
the  expression  levels  of  Wwpl/Shn3  and  Runx2  increased 
during  osteoblast  differentiation  (28).  It  was  speculated  that 
WWP1  only  functions  at  the  late  stage  of  osteoblast 
differentiation,  as  RUNX2  must  be  downregulated  in  fully 
matured  osteoblasts.  WWP1  may  play  significant  roles  not 
only  in  osteoblast  differentiation  but  also  in  tumor  bone 
metastasis  (personal  communication  with  Dr.  Lianping 
Xing). 

5.  WWP1  AND  DISEASES 

WWP1  is  ubiquitously  expressed  in  human  tissues 
and  participates  in  multiple  physiological  and  pathological 
processes,  such  as  cancers,  infectious  diseases,  neurological 
diseases,  and  even  aging. 

5.1.  Cancers 

WWP1  appears  to  be  a  context  dependent  oncogene 
in  cancers.  The  WWP1  mRNA  and  protein  levels  are 
frequently  up-regulated  in  a  subset  of  prostate  and  breast 
cancers  (20,  21).  Interestingly,  the  expression  of  WWP1  in 
breast  tumors  correlates  with  positive  ERa  and  insulin-like 
growth  factor  1  receptor  (IGF-1R)  statuses,  which  are  good 
prognosis  biomarkers  in  breast  tumors.  Indeed,  Huu  et  al. 
found  that  tumors  with  low/absent  WWP1  expression  have 
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a  worse  prognosis  than  tumors  with  WWP1  expression  (24). 
Similar  results  were  observed  in  head  and  neck  squamous 
cell  carcinoma  (57).  In  MCF10A  breast  cells,  when  WWP1 
was  knocked  down  by  siRNA,  the  cells  became  more 
resistant  to  doxorubicin-induced  apoptosis  (15).  This  result 
suggests  that  WWP1  has  a  pro-apoptotic  function  in 
MCF10A.  The  WWP1  pro-apoptotic  function  can  be 
attributed  to  targeting  several  pro- survival  proteins,  such  as 
ANp63  (15)  and  KLF5  (23),  for  ubiquitin-mediated 
degradation.  Consistently,  the  expression  of  WWP1  is 
negatively  correlated  with  the  expression  of  ANp63  (15) 
and  KLF5  (49)  in  breast  cancers. 

In  contrast  to  the  WWP1  pro-apoptotic  function  in 
ERa-negative  breast  cells,  WWP1  depletion  in  ERa- 
positive  MCF7  and  HCC1500  breast  cancer  cell  lines 
suppressed  cell  proliferation  and  induced  apoptosis  (11,  21, 
24,  27).  Similar  results  were  obtained  in  MDCK  (1),  PC-3 
(20),  and  HCT116  cells  (15).  In  addition,  WWP1 
overexpression  promoted  breast  epithelial  cell  growth  and 
anchorage-independent  growth  (24).  WWP1  enhances  cell 
proliferation  and  survival  likely  through  both  ubiquitin 
ligase-dependent  and  -independent  activities.  In  MDCK 
cells,  WWP1  suppressed  the  expression  of  T(3R1,  Smad2, 
and  TGFp-induced  PAI1  and  JunB  (1).  In  PC-3,  WWP1 
suppressed  the  expression  of  T|3R1,  Smad4,  and  the  cell 
cycle  dependent  kinase  inhibitor  pl5  (20).  In  HCT116, 
WWP1  targeted  the  TAp63  for  degradation  (15).  In 
addition,  WWP1  enhances  MAPK  signaling  through 
decreasing  the  ErbB2  and  EGFR  turnover  (11).  Thus, 
WWP1  may  have  a  context  dependent  role  in  cancer 
development.  To  conclusively  sort  this  out,  the 
physiological  role  of  WWP1  needs  to  be  elucidated  in 
animal  models. 

5.2.  Infectious  diseases 

Available  evidence  suggests  that  WWP1  may 
participate  in  viral  internalization  and  budding.  Galinier  et 
al. ,  first  reported  that  WWP1  interacted  with  the  adenovirus 
penton  base  protein  that  has  two  PY  motifs  and  is  involved 
in  viral  internalization  (58).  It  is  becoming  obvious  that 
WWP1  promotes  retrovirus  particle  assembly  and  release 
through  binding  to  Gag.  The  Gag  precursor  protein  is  well 
known  to  drive  the  assembly  and  release  of  enveloped 
retroviruses.  Many  Gag  late  assembly  function  domains 
contain  a  PY  motif  (59).  Heidecker  et  al .,  reported  that 
mutation  of  the  PY  motif  severely  decreased  human  T-cell 
leukemia  virus  type  1  (HTLV-1)  virus  budding  (60).  Chen 
et  al ,  suspected  that  Gag  of  avian  retroviruses  and  LMP2 
of  the  Epstein-Barr  virus  (EBV)  may  interact  with  WW 
domain  containing  proteins  through  their  PY  motifs  (61). 
Consistently,  cis  expression  of  a  WW  domain  in  the  Gag 
protein  can  block  budding  of  Rous  sarcoma  virus  (RSY) 
(62).  These  studies  suggest  that  the  Gag  PY  motif  is 
essential  for  budding  through  recruiting  the  WW  domain 
proteins. 

WWP1  has  been  demonstrated  to  mono- 
ubiquitinate  Gag  proteins  at  a  single  lysine  (44,  60)  and 
mutation  of  the  Gag  ubiquitination  site  dramatically 
inhibited  viral  budding  (63),  suggesting  that  the  Gag 
ubiquitination  by  WWP1  may  play  a  role  for  viral  budding. 


This  notion  is  supported  by  another  independent  study  (59). 
Martin- Serrano  et  al  reported  that  the  E3  ligase  activity 
was  required  for  WWP1  functions  in  this  context  (59).  The 
HECT  domains  from  WWP1,  WWP2,  or  Itch  recruited 
class  E  vacuolar  protein- sorting  (VPS)  factors  and 
ubiquitinated  them  for  viral  budding  (59).  Importantly, 
trans  expression  of  dominant  negative  WWP1  (C2-WW  or 
WW)  proteins  inhibited  budding  of  HTLV-1,  murine 
leukemia  virus  (MLV),  and  Ebola  viruses  (59,  60).  These 
studies  suggest  that  the  WW  domain  polypeptide  may  be  a 
potential  therapeutic  intervention  for  viral  infection. 

WWP1  may  also  be  involved  in  innate  immunity. 
Wwp-1  deficient  C.  elegans  are  hypersensitive  to  killing  by 
pore-forming  toxins  and  bacterial  pathogens  Pseudomonas 
aeruginosa  (64).  Wwp-1  may  regulate  innate  immunity 
through  antagonizing  the  DAF-2  insulin-like  signaling 
pathway  in  C.  elegans.  Whether  WWP1  plays  a  role  in 
mammalian  immunity  is  currently  unknown. 

5.3.  Neurological  diseases 

Ubiquitination  is  well  documented  to  play 
important  roles  in  neurological  diseases.  WWP1  interacts 
with  several  proteins  implicated  in  neurological  diseases. 
Firstly,  WWP1  interacts  with  Atrophin-1,  a  nuclear 
receptor  corepressor  containing  PY  motifs  and  a 
poly  glutamine  repeat  (2).  Atrophin-1  was  identified  as  a 
neurodegenerative  disease  gene  because  it  is  mutated  in 
dentatorubral-pallidoluysian  atrophy.  Disease-causing 
mutations  are  expansions  of  a  DNA  triplet  repeat  leading  to 
the  expression  of  a  protein  with  an  extended  stretch  of 
glutamine  residues  that  causes  neuronal  death  (65).  The 
functional  consequences  of  the  WWP1 /Atrophin-1 
interaction  have  not  been  explored  yet.  Secondly,  WWP1 
interacts  with  Nogo-A,  a  key  inhibitor  for  central  nervous 
system  (CNS)  regeneration  (66).  The  Nogo-A  protein 
contains  a  PY  motif  and  localizes  to  the  endoplasmic 
reticulum  (ER).  The  protein  solution  structure  of  WWP1 
WW4  domain  with  the  Nogo-A  PY  motif  peptide  has  been 
determined  by  NMR  (66).  Qin  et  al ,  claimed  that  WWP1 
ubiquitinated  Nogo-A  and  regulated  the  Nogo-A  protein 
level  (66).  It  would  be  interesting  to  investigate  whether 
WWP1  regulates  CNS  regeneration.  Finally,  WWP1 
interacts  with  Saprtin/SPG20,  a  protein  mutated  in  Troyer 
syndrome  (44,  45,  67).  The  aforementioned  studies  suggest 
that  WWP1  mono-ubiquitinates  SPG20  and  regulates  its 
protein  levels  and  subcellular  localization  (44,  45). 

5.4.  Aging  and  other  diseases 

In  response  to  dietary  restriction,  wwp-1  acts  as  a 
positive  regulator  of  lifespan  in  E3  ubiquitin  ligase- 
dependent  manner  in  C.  elegans  (68).  In  contrast  to  three 
WWP  ligases  (WWP1,  WWP2,  and  AIP4)  in  mammalians, 
there  is  only  one  WWP  E3  ligase  in  C.  elegans.  Depletion 
of  wwp-1  leads  to  abnormal  embryogenesis  and  a  lethal 
phenotype  (18).  Carrano  et  al .,  demonstrated  that  loss  of 
wwp-1  functions  by  RNAi  or  mutation  decreases  lifespan. 
The  wwp-1  transgenic  lines  lived  up  to  20%  longer  than  the 
controls  (68).  Chen  et  al .,  confirmed  that  wwp-1  mutations 
decreased  lifespan  in  C.  elegans  (64).  The  possible 
molecular  mechanism  by  which  wwp-1  participates  in 
longevity  regulation  is  that  wwp-1  is  inhibited  by  the  PDK- 
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1  kinase  downstream  of  the  DAF-2  insulin/IGF- 1  signaling 
pathway  in  C.  elegans  (64).  It  would  be  interesting  to 
elucidate  the  role  and  mechanistic  of  action  of  WWP1  in 
mammalian  longevity. 

WWP1  has  also  been  reported  to  be  responsible  for  chicken 
muscular  dystrophy  (69).  A  WWP1  missense  mutation  was 
identified  in  dystrophic  chickens  (69).  In  addition,  WWP1 
may  be  involved  in  bone  diseases  because  it  targets 
RUNX2  for  degradation  (55,  56). 

6.  CONCLUSIONS  AND  PERSPECTIVES 

In  summary,  WWP1  is  a  WW  domain  containing 
HECT  type  ubiquitin  E3  ligase.  WWP1  targets  a  number  of 
PY  motif  containing  substrate  proteins,  including  Smad2, 
KLF5,  p63,  ErbB4,  RUNX2,  RNF11,  and  SPG20  for 
ubiquitination.  In  addition,  WWP1  may  indirectly  regulate 
other  substrates  without  a  PY  motif  through  adaptors. 
WWP1  plays  important  roles  in  a  variety  of  diseases,  such 
as  cancers,  infectious  diseases,  neurological  diseases,  and 
aging. 

In  the  future,  Wwpl  knock-out  and  tissue  specific 
transgenic  mouse  models  will  be  urgently  required  to 
elucidate  the  physiological  and  pathological  functions  of 
WWP1  in  human  diseases.  Xenograft  mouse  models  will 
be  also  useful  to  determine  the  role  of  WWP1  in  cancer 
growth  and  metastasis.  Whether  the  genetic  and  expression 
alterations  of  WWP1  can  be  used  as  biomarkers  in  cancers 
and  other  diseases  should  be  studied  in  large  cohorts  of 
patients.  Additionally,  it  is  very  important  to  dissect  the 
distinct  and  redundant  functions  of  the  WWP1  E3  family 
members  in  order  to  design  the  most  effective  interventions. 
Furthermore,  the  mechanism  of  WWP1  regulation  is  still 
poorly  understood.  Finally,  it  would  be  interesting  to 
develop  small  molecular  inhibitors  or  peptides  for  treating 
WWP1 -related  diseases. 
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WWP1  regulates  cell  apoptosis  through  targeting  p63  for  ubiquitin-mediated 
proteasomal  degradation 
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WWP1,  a  HECT  domain-containing  protein  ubiquitin  E3  ligase,  has  previously  shown  to 
be  frequently  amplified  and  overexpressed  in  a  subset  of  prostate  and  breast  cancer. 
However,  the  role  and  mechanism  of  WWP1  in  human  cancer  is  still  largely  unknown. 
Here,  we  show  that  WWP1  binds,  ubiquitinates,  and  targets  p63  for  proteasomal 
degradation.  p63,  a  member  of  the  p53  family  of  transcription  factors,  plays  an  important 
role  in  tumor  development  by  regulating  cell  apoptosis.  Using  alternative  promoters,  p63 
can  be  expressed  as  TAp63  or  ANp63.  Increasing  evidences  suggesting  that  TAp63 
sensitizes  cell  to  apoptosis  but  ANp63  plays  an  opposite  role.  It  is  already  known  that 
p63  proteins  are  degraded  through  the  ubiquitin-proteasome  pathway.  We  found  that  the 
protein-protein  interaction  occurs  between  the  PY  motif  of  p63  and  the  WW  domains  of 
WWP1,  mainly  the  first  WW  domain.  The  Y449F  point  mutation  (disruption  of  the  PY 
motif)  in  ANp63a  significantly  abrogates  the  interaction  with  WWP1  and  protects  the  p63 
protein  from  degradation.  Interestingly,  the  endogenous  p63  expression  level,  especially 
ANp63a,  is  reversely  correlated  with  the  endogenous  WWP1  expression  level  in  a  panel 
of  prostate  and  breast  cancer  cell  lines.  WWP1  Knockdown  increases  the  endogenous 
level  of  ANp63a  in  immortalized  MCF10A  and  184B5  cell  lines  and  TAp63a  in  HCT116 
colon  cancer  cell  line.  Consistently,  WWP1  regulates  chemotherapeutic  agents  induced 
cell  apoptosis.  These  data  suggest  that  WWP1  has  an  important  role  in  regulating  p63 
protein  level  and  therefore  affects  drug  resistance  of  cancer  cells. 
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#140  WWP1  promotes  cell  proliferation  through  blocking  RNF11  mediated  Erbb2  and  EGFR 
downregulation.  Ceshi  Chen1,  Yi  Li1,  Zhongmei  Zhou1,  Arun  K.  Seth2.  Albany  Medical  College,  Albany,  NY; 
2Sunnybrook  and  Women’s  College  Health  Science  Center,  Toronto,  ON,  Canada. 

The  WW  domain  containing  E3  ubiquitin  protein  ligase  1,  WWP1,  is  an  HECT  type  E3  ligase  frequently 
overexpressed  in  human  prostate  and  breast  cancers  due  to  the  chromosomal  amplification  at  8q21.  Previous  studies 
suggest  that  WWP1  promotes  cell  proliferation  and  survival;  however,  the  mechanism  of  WWP1  action  is  still  poorly 
understood.  Here,  we  showed  that  WWP1  upregulates  ErbB2  and  EGFR  in  multiple  breast  and  prostate  cell  lines. 
WWP1  forms  a  protein  complex  with  RNF1 1,  a  negative  regulator  of  ErbB2  and  EGFR.  The  protein-protein  interaction 
is  through  the  first  or  the  third  WW  domain  of  WWP1  and  the  PY  motif  of  RNF1 1.  WWP1  does  not  target  RNF1 1  for 
degradation  although  WWP1  ubiquitinates  RNF11.  Importantly,  inhibition  of  RNF11  can  rescue  WWP1  siRNA- 
induced  ErbB2  and  EGFR  downregulation  and  growth  arrest.  Finally,  we  demonstrated  that  RNF1 1  is  co- 
overexpressed  with  WWP1  in  human  prostate  and  breast  cancer  cell  lines.  These  findings  suggest  that  WWP1  may 
promote  cell  proliferation  through  suppressing  RNF1 1 -mediated  ErbB2  and  EGFR  downregulation. 
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#1790  HECTD3:  A  new  e3  ligase  upregulated  in  breast  and  prostate  cancer.  Yi  Li.  Zhongmei  Zhou,  Ceshi  Chen. 
Albany  Medical  College,  Albany,  NY. 

Chromosomal  region  lp34  undergoes  frequent  cytogenetic  alterations  in  many  types  of  cancer.  The  HECTD3  gene, 
encoding  an  HECT  domain-containing  E3  ubiquitin  ligase,  is  located  at  the  lp34.1  region.  HECTD3  mRNA  is  highly 
expressed  in  salivary  gland,  liver,  thyroid,  but  low  in  normal  breast  and  prostate  tissues.  To  determine  the  role  of 
HECTD3  in  breast  and  prostate  cancers,  we  analyzed  the  gene  dosage  and  expression  level  of  HECTD3  in  a  variety  of 
breast  and  prostate  tumor  cell  lines.  Using  real-time  RT-PCR  and  Northern  blot  analysis,  we  found  that  the  HECTD3 
mRNA  level  was  significantly  up-regulated  in  63.3%  (19/30)  of  breast  and  62.5%  (20/32)  of  prostate  cancer  cell  lines. 
HECTD3  levels  were  not  correlated  with  ER  or  PR  status  (p  =  0.705  and  1.0,  respectively)  in  breast  cancer  cell  lines. 
An  increase  in  HECTD3  gene  copy  number  was  detected  in  48%  (14/30,  p=  0.0051)  and  22%  (4/18,  p=0.0051)  of 
breast  and  prostate  cancer  cell  lines,  respectively.  Additionally,  HECTD3  mRNA  levels  were  consistently  elevated  in 
all  stages  of  breast  cancer:  stage  I  (9/1 1),  Ha  (7/8),  lib  (4/6),  Ilia  (7/8),  and  IV  (3/4).  In  contrast,  HECTD3  was  over¬ 
expressed  in  approximately  40%  of  stage  II  (7/19)  and  stage  III  (3/8)  prostate  tumors.  RNAi-mediated  HECTD3 
knockdown  induced  cell  growth  arrest  in  PC-3  (prostate)  and  HCC1500  (breast)  cancer  cell  lines.  Together,  these 
results  suggest  that  HECTD3  is  a  novel  oncogenic  E3  ligase  upregulated  in  human  breast  and  prostate  cancer. 
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A  9-amino  acid  Motif  at  KLF5  N-terminus  Contributes  to  WWP1  E3 
Ubiquitin  Ligase  Mediated  KLF5  Protein  Degradation 
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Kruppel-like  factor  (KLF5)  is  a  zinc  finger  transcription  factor,  which  plays  important  roles  in  cell 
proliferation,  cell  cycle,  differentiation  and  angiogenesis.  The  KLF5  protein  undergoes  multiple  post- 
translational  modification,  including  phosphorylation,  acetylation,  and  ubiquitination.  In  our  previous 
studies,  we  demonstrated  that  the  WWP1  E3  ligase  interacts  with  KLF5  through  the  WW/PY  motifs, 
ubiquitinates  KLF5,  and  target  s  KLF5  for  proteasomal  degradation.  Additionally,  we  recently 
demonstrated  that  the  N-terminal  KLF5  without  the  PY  motif  is  still  degraded  through  proteasome.  To 
map  the  N-terminal  motif  responsible  for  KLF5  degradation,  we  made  a  series  of  C- terminal  truncated 
KLF5  constructs  and  found  that  a  9-amino  acid  motif  at  KLF 5  N-terminus  is  essential  forWWP  1- 
mediated  KLF5  degradation.  Interestingly,  deletion  of  this  motif  in  KLF5  does  not  affect  the  protein- 
protein  interaction  between  KLF5  and  WWP1  but  inhibit  KLF5  ubiquitination  by  WWP1.  These 
findings  suggest  that  the  PY  mo  tif  is  essential  but  not  sufficient  for  WWP 1 -mediated  KLF5 
ubiquitination  and  degradation.  The  discovery  of  this  n  ew  KLF5  destruction  motif  may  help  us  better 
understand  the  KLF5  regulatory  mechanism  and  provide  a  new  strategy  to  intervene  KLF  5  activity  for 
cancer  therapy. 
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correlation  with  estrogen  receptor  (ER)  and  insulin-like  growth  factor  receptor  1  (IGF-1R)  status 
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Abstract: 

Background: 

WWP1,  a  HECT  type  E3  ubiquitin  ligase,  is  frequently  amplified  and  overexpressed  in  breast  cancer 
and  may  associated  with  positive  ER  status.  IGF-1R  is  a  tyrosine  kinase  growth  factor  receptor  that  has 
been  linked  to  prognosis  in  a  variety  of  malignancies.  Activation  of  IGF-1R  by  autocrine,  paracrine  and 
endocrine  stimulation  via  exposure  to  its  activating  ligand,  insulin,  leads  to  cell  growth. 

Methods: 

Formalin-fixed,  paraffin-embedded  tissue  sections  from  122  cases  of  invasive  mammary  carcinoma  (90 
ductal  carcinomas  (IDC)  and  32  lobular  carcinomas  (ILC)  were  immunostained  by  automated  methods 
(Ventana  Medical  Systems  Inc.,  Tucson,  AZ)  using  mouse  anti-human  WWP1  (Novus  Biologicals, 
Littleton,  CO)  and  mouse  anti-human  IGF-1R  antibody  (sc-462;  Santa  Cruz  Biotechnology,  Santa  Cruz, 
CA).  Cytoplasmic  immunoreactivity  was  semiquantitatively  scored  based  on  staining  intensity  and 
distribution  for  each  protein  and  the  results  were  correlated  with  morphologic  and  prognostic  variables. 
The  correlations  between  WWP1  and  ER/IGF-1R  were  also  analyzed  in  a  panel  of  breast  cancer  cell 
lines  by  Western  blot.  WWP1  knockdown  studies  were  used  to  test  WWP1  regulation  of  ER  and  IGF- 
1R  in  ER  positive  breast  cancer  cell  lines. 

Results: 

The  adjacent  benign  epithelium  was  essentially  negative  for  both  proteins.  Cytoplasmic  WWP-1 
immunoreactivity  was  observed  in  53/122  (43%)  tumors  and  showed  a  positive  correlation  with  ER 
status  (p=0.038).  Cytoplasmic  IGF- 1R  positivity  was  observed  in  66/122  (54%)  tumors  and  correlated 
with  tumor  subtype  (61%  IDC  vs.  34%  ILC,  p=0.01 1)  and  ER  status  within  the  IDC  subgroup 
(p=0.036).  There  was  a  significant  co-expression  of  both  proteins  (p=0.001).  The  positive  correlations 
between  WWP-1  and  ER/IGF-1R  were  also  observed  in  a  panel  of  breast  cancer  cell  lines  assessed  by 
Western  blot.  WWP1  knockdown  decreased  the  expression  levels  of  both  ER  and  IGF-1R  in  MCF7  and 
T47D  cell  lines. 

Conclusions: 

WWP-1  and  IGF-1R  proteins  are  overexpressed  and  are  associated  with  each  other  and  the  ER+ 
phenotype  in  breast  carcinoma.  Further  development  of  WWP-1  and  IGF-1R  as  biomarkers  for  breast 
cancer  management  appears  warranted. 
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A  genome  wide  RNAi  screen  to  identify  essential 
transcription  factors  for  the  proleasome  pathway  in  Drosophila 


U13  The  E2  ublquftin-conjugating  enzyme  Ube2S  Is  required 
for  mitotic  spindle  checkpoint  function  In  human  celts 


Ann?  Beskow  ami  Patrick  Young 

White  a  dear  regulatory  pathway  has  been  demonstrated  in  budding 
yeast,  the  mechanisms  that  regulate  metazoan  proteasomes  are 
poorly  understood  As  an  initial  step  to  understand  transcriptional 
induction  of  Drosophila  proteasome  genes,  we  have  attempted  to  find 
key  transcription  factors  for  the  proteasome  pathway  using  a  genome 
wide  RNAr  screening  method.  Drosophila  52  ceils  were  transiently 
transfected  with  the  proteasome  UFD  substrate  UbG76VGFP  to  identify 
transcription  factors  that  when  knocked  down  allow  general  transcription 
to  still  occur  but  target  the  UPS  pathway  and  thereby  serve  as  an  initial 
screen  for  genes  products  that  are  essential  for  its  degradation.  The 
screen  consisted  of  the  complete  set  of  Drospohifa  meianogasfar  genes 
that  encode  993  known  or  predicted  transcription  factors.  Out  of  these, 
manual  sconng  for  GFP  accumulation  revealed  that  60  knockdowns  had 
increased  levels  of  UbG76VGFP.  A  range  of  stabilizations  was  obtained 
varying  from  barely  detectable  Increases,  majority  of  cases,  to  strong 
stabilization  of  the  proteasome  substrate  reporters  Of  special  interest 
were  three  genes,  since  knock  down  of  these  showed  the  strongest 
stabilization  of  the  UFD  substrate.  These  were  FOXO,  cnc  and  maf-S 
The  cnc  transcription  factor  is  the  Drosophila  homolog  of  Nrf2  The 
maf-S  forms  a  heterodimer  transaction  factor  with  cnc.  Both  FQXO  arid 
cnc/maf-S  recently  have  been  associated  with  proteasome  induction 
in  mammalian  cells  (Zhao  et  ai.  2007)  and  (Kwak  ©t  a!  2003)*  We  are 
currently  carrying  out  a  second  round  of  RNA  interference  experiments 
to  confirm  our  positive  list  and  have  initiated  studies  to  determine 
which  specific  proteasome  genes  are  transcription  ally  regulated  by  our 
identified  Drosophila  candidates. 


Crowder.  Wayne  Lang,  Cbarieen  Rafyi.  Gerald  Uy,  Amy  Ondris, 
Jianmg  Huang.  Yasumichi  Hitoshi,  Donald  G.  Payan,  and  Yonchu 
Jenkins 

Rigel  Pharmaceuticals,  inc,  South  San  Francisco,  CA  94080 

Many  enzymes  of  the  ublquitin  modification  pathway  are  employed  by 
cells  to  monitor  critical  checkpoints  m  the  ceil  cycle,  control  proliferation, 
monitor  DNA  damage  and  the  integrity  of  the  mitotic  spindle  These 
enzymes  include  the  £3  utxquitin  ligase  of  the  anaphase  promoting 
complex  (ARC)  rn  concert  with  E2  ublquitln-cGnJugating  enzymes  such 
as  UbcHID.  Cell  cycle  checkpoints  are  often  defective  in  tumor-derived 
celts  and  may  be  key  determinants  of  oncogenesis  V\te  report  that 
an  E2  ubiquitin-conjugating  enzyme,  Ube2$,  is  required  for  spindle 
checkpoint  integrity  in  HeLa  cells.  Knockdown  of  Ube2S  protein 
levels  allows  cells  to  escape  mitotic  arrest  induced  by  nocodazole 
treatment.  This  effect  is  phenoeopied  by  expression  of  Ube2S  C95S. 
a  point  mutant  that  is  catalytically  impaired.  Consistent  wth  these 
findings,  Ube2S  expression  and  localization  is  cell -cycle  dependent, 
upmgulated  in  a  number  of  tumors,  and  was  recently  reported  to  be 
associated  with  the  ARC  (Steen  et  at ,  Proc  Nat  Acad  Set  USA,  2008), 
We  also  characterize  the  in  vitro  autoubiquityiation  activity  of  both 
wild-type  and  mutant  Ube2S  proteins  and  identify  residues  responsible 
for  a  mo nou biqurtylation  activity  of  Ube2$.  In  vitro ,  disruption  of  this 
monoubiquitylation  site  results  m  a  dramatic  switch  from  low  molecular 
weight  ubiqui tin-conjugated  Ube2S  proteins  to  higher  molecular  weight 
polyiibiqtJitin-conjugated  Ube2S  proteins,  Expression  of  this  Ube2S 
point  mutant  in  HeLa  cells  also  enables  cells  to  override  nooodazole- 
induced  spindle  checkpoint  activation,  suggesting  that  the  unique 
Ub©2S  agtoubiquitylation  properties  observed  m  vitro  may  be  crucial  for 
regulating  Ube2S  spindle  checkpoint  activity  in  vivo 


maMM  Chemiluminescent  immunoassay  for  the  quantitative 
determination  of  WWIM  E3  ubiquftin  ligase 


Lothar  Goretzki  Jue  VVfcng.  and  Mo  Saedi,  £MD  Chemicais.  inc 
(Calbiochem),  10394  Pacific  Center  Court*  San  Diego,  CA9212U 

Accumulating  evidence  suggests  that  E3  ubiqurtin  ligases  play  important 
roles  in  cancer  development  The  WWPt  E3  ubiquitin  ligase  belongs 
to  Nedd44lke  family.  AH  members  of  the  Nedd44amlly  am  HECT  type 
E3  ligases  with  three  functional  domains  an  N-terminai  C2  domain  for 
membrane  binding,  a  central  region  containing  WW  domains  for  protein- 
protein  Interaction,  and  a  C-termlnal  HECT  domain  for  ubiquitin  pnotein 
ligation.  The  WWF1  gene  maps  to  8q21.  a  region  that  frequently  displays 
a  gain  of  copy  number  in  human  cancers,  including  prostate  and  breast 
cancer.  In  agreement  with  the  reported  gene  copy  number  gain  VWVP1 
expression  is  elevated  at  the  mRNA  and  protein  levels  in  aboul  60%  of 
prostate  and  breast  cancer  specimen.  Therefore,  the  VVWP1  gene  could 
be  an  oncogene  in  prostate  and  breast  cancer  It  has  been  shown  that 
WWP1  negatively  regulates  the  TGF(3  lumot  suppressor  pathway  by 
mediating  the  ubiquitin  a  bon  and  degradation  of  multiple  components  of 
the  pathway,  and  subsequently  promotes  cell  proliferation 
An  immunoassay  for  the  quantification  of  WWP1  was  developed  and 
evaluated  for  its  use  with  various  tumor  cell  extracts  The  detection  limit 
of  the  VW W1  immunoassay  is  0  05  ng/ml  High  levels  of  WVVPT  protein 
were  detected  in  hormone -independent  prostate  and  breast  cancer 
ceils,  DU145  (31  ng/mg  total  protein)  and  SK-8R-3  (38  ng /mg  total 
protein),  respectively 

In  conclusion.  WWF1  could  serve  as  a  novel  btomarkerand  therapeutic 
target  in  the  detection  and  treatment  of  prostate  and  breast  cancer,  The 
presented  immunoassay  helps  to  define  more  precisely  the  significance 
of  VWVPl  as  an  oncogenic  factor  in  prostate  and  breast  cancer 


mSikm  Overexpression  Of  The  Hect  Type  E3  Ubiquitin  Ligase 
Wwpl  Is  Associated  With  The  Estrogen  Receptor  And  Insulin- 
Like  Growth  Factor  Receptor  1  (Igf-lr)  In  Breast  Carcinoma 
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WWP1,  a  HECT  type  E3  ubiquitin  ligase  frequently  amplified  and 
overexpressed  in  breast  cancer,  has  the  potential  to  become  a 
useful  clerical  biomarker  and  therapeutic  target  in  breast  cancer. 
Here,  we  performed  imimmohistochemtcal  staining  in  formalin -fixed 
and  paraffin -embedded  tissue  sections  from  187  cases  of  primary 
invasive  mammary  carcinoma  (137  ductal  carcinomas  (I  DC)  and 
50  lobutar  carcinomas  (ILC)  by  using  a  monodonat  anthWWPI 
antibody  The  adjacent  benign  epithelium  was  essentially  negative 
for  WVUP1,  Cytoplasmic  WWP1  immunoreactivily  was  observed  in 
76/187  (40  6%)  tumors  and  showed  a  positive  correlation  with  ER 
(p=0.05)  and  IGF-1R  proteins  (p=0.001)  in  this  cohort  The  positive 
correlations  between  WWP1  and  ER/IGF-1R  were  also  observed  in 
a  panel  of  12  breast  cancer  cell  lines  by  Western  Wot  Interestingly 
the  ER  levels  are  decreased  when  WWP1  is  silenced  in  ER 
positive  MCF7  and  T47D  breast  cancer  cell  lines,  Finally.  WWP1 
ablation  addftively  inhibits  cell  proliferation  with  tamoxifen  in  MCF7 
and  14 7D,  as  measured  by  ^HHhymidine  incorporation  assays. 
These  findings  suggest  that  VWVPl  may  play  an  important  role  in 
ER  positive  breast  cancer. 
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by  lucifcmsc  rxipuiier  assays.  \V«  further  showed  that  KLF5  biods  to  the 
FGF-BP  promoter  in  vitro  by  oligo  pull  down  assays  and  in  vim  by  chromatin 
i  mm  unop  recipe  lilt  ion  (CHIP)  assays.  These  findings  suggest  that  KU-5 
may  promote  breast  cancer  Celt  proliferation  through  directly  activating  the 
FGF-BP mRNA  transcription.  This  study  will  yield  valuable  insights  into  the 
mechanism  of  KLF5  induced  cancer  pathogenesis,  and  will  result  in  useful 
diagnostic  and  therapeutic  targets. 
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Abstract 


ftmem  ubiquitination  is  an  important  posllranslatiorml  modification  that  regulates  a  multitude  of  cancer  related 
Uhilar  processes*  including  cell  growth  and  death.  Protein  ubiquitination  is  typically  sequentially  mediated  by 
three  enzymes:  a  ubiquitin-activating  enzyme  (El),  a  ubiquitin-conjugating  enzyme  (E2).  and  a  ubiquitin  ligase 
(E3).  The  E3  controls  substrate  specificity.  In  human  beings,  there  are  more  than  600  E3s.  Interestingly*  many  E3s 
undergo  frequent  genetic  and  expression  aberrations  and  function  as  either  tumor  suppressors  (he.,  BRCAl)  or 
■Coproteins  (i,e„  Mdm2  and  5kp2)  in  breast  cancer  Several  specific  and  effective  small  molecular  inhibitors  of 
M dm2  have  been  reported  to  have  a  substantial  p 5 3-depertdent  anti-tumor  effect  in  vivo.  Therefore*  oncogenic  03s 
are  promising  molecules  for  cancer  target  therapy;  Our  long  term  goal  is  to  identify  cancer  related  E3s  as  molecular 
targets  and  to  improve  cancer  prevention,  diagnosis,  and  therapy;  We  have  recently  demonstrated  that  the  WW 
domain  containing  1:3  ubiquitin  protein  ligase  1  ( WWP  i )  gene  is  frequently  amplified  and  overexpressed  in  estrogen 
receptor  (ER)  positive  breast  cancer.  Inhibition  of  WWP1  alone  by  siRNA  or  dominant  negative  WWP l  induces 
apoptosis  in  ER  positive  breast  cancer  cell  lines  MCF7  and  1  ICC  1 500  primarily  through  activation  of  caspase  8, 
The  WWP  1  siRNA  induced  apoptosis  in  MCF7  can  be  completely  rescued  by  oYerexpression  of  wild  type  WWP] 
hut  not  the  E3  ligase  inactive  WWP1CB90A.  Additionally,  we  found  that  Inhibition  of  WW'Pl  reduces  colony 
formation  in  soft  agar  and  tumor  growth  in  nude  mice.  Furthermore,  we  demonstrated  that  inhibition  of  WWP  1 
can  be  combined  with  tamoxifen  or  tumor  necrosis  factor  (TNF)-rclated  apoptosis-inducing  ligand  (TRAIL)  to 
suppress  breast  cancer  cell  proliferation  and  survival  Finally,  we  identified  several  WWTl  direct  substrates  including 
p63*  KLF5,  and  ErbB4  as  well  as  indirect  targets  including  ER,  EGFR,  and  HER2.  These  findings  suggest  that 
WWP1  is  a  novel  molecular  target  in  ER  positive  breast  cancer. 

The  research  is  supported  by  U,S.  Army,  a  BCRP  Concept  Award  a  PCRP  Idea  Award,  and  an  American  Cancer 
Society'  Research  Schular  Award, 
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Metastasis  Studies.  In  the  group  that  received  buffer  alone,  7  of  9 
animals  (78%)  had  large  lesions  either  in  bone  or  soft  tissues.  How¬ 
ever,  in  the  group  that  received  the  Ad.sTGRFc,  only  2  of  9  animals 
(22%)  developed  tumors  by  day  45,  indicating  significant  inhibition  of 
metastases.  The  Ad.sTGRFc  treated  group  had  high  levels  (>  300 
/x g/ml)  of  sTGFGRNFc  in  the  blood,  as  well  as  viral  replication  in  the 
tumors,  suggesting  that  both  viral  replication  and  sTGFGRNFc  produc¬ 
tion  are  critical  for  the  anti-tumor  response  of  Ad.sTGRFc. 

CONCLUSIONS:  Data  presented  here  shows  that  it  is  feasible 
to  create  an  oncolytic  adenovirus  that  can  induce  tumor  cell  destruction 
and  simultaneously  inhibit  TGFG  signaling.  More  importantly,  the  sys¬ 
temic  administration  of  Ad.sTGRFc  can  inhibit  metastases,  suggesting 
that  Ad.sTGRFc  can  be  developed  as  an  anti-tumor  agent  for  the 
treatment  of  prostate  cancer  metastases. 

Source  of  Funding:  Funded  by  the  Kovler  Family  Foundation, 
Mr.  and  Mrs.  Richard  Hulina,  Mr.  Jimmie  Alford  and  Ms.  Maree 
Bullock,  and  an  anonymous  donor. 
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PEMPA1  PROMOTES  PROSTATE  CELL  PROLIFERATION 
THROUGH  DOWN-REGULATING  P21WAF1/CIP1 


Rong  Liu*,  Ceshi  Chen,  Albany,  NY 


INTRODUCTION  AND  OBJECTIVES:  PMEPA1 ,  prostate 
transmembrane  protein,  androgen  induced  1,  was  originally  identified 
as  an  androgen-induced  gene.  PMEPA1  has  been  suggested  to  be  a 
tumor  suppressor  in  prostate  cancer  because  the  forced  over-expres¬ 
sion  of  PMEPA  decreases  colony  formation  in  several  prostate  cancer 
(PC)  cell  lines.  However,  a  PC-3  clone  with  a  higher  level  of  PMEPA1 
has  been  shown  to  grow  faster  in  nude  mice.  Additionally,  PMEPA1  has 
been  reported  to  be  over-expressed  in  multiple  solid  tumors,  including 
breast  cancer,  ovarian  cancer,  renal  cell  carcinoma,  and  colon  cancer. 
Thus,  the  physiological  function  of  PMEPA1  in  prostate  cancer  is 
controversial  and  unclear. 

METHODS:  Prostate  epithelial  cell  lines  (PC-3  and  RWPE1) 
were  transient  transfected  with  siRNA  targeting  PMEPA1 .  The  gene 
expression  at  both  RNA  and  protein  levels,  cell  proliferation,  and  cell 
cycle  were  analyzed  by  qRT-PCR,  Western  blotting,  the  3H-thymidine 
incorporation  assay,  and  flow  cytometry.  A  lentivirus  based  short  hair¬ 
pin  (sh)  RNA  expression  system  was  used  to  establish  PMEPA1  stable 
knockdown  populations  in  PC-3  cells.  Luciferase  shRNA  was  used  as 
control.  These  stable  PC-3  populations  were  used  for  in  vivo  tumori- 
genesis  analysis  in  SCID  hairless  outbred  (SHO)  mice. 

RESULTS:  In  our  studies,  we  found  that  inhibition  of  endoge¬ 
nous  PMEPA1  suppresses  cell  proliferation  and  cell  cycle  G1/S  pro¬ 
gression  in  RWPE1  and  PC-3,  but  not  in  androgen  receptor  (AR) 
positive  prostate  cancer  cell  line  22Rv1  and  LNCaP.  PMEPA1  knock¬ 
down  induces  the  expression  of  cyclin-dependent  kinase  inhibitor  (CKI) 
p21Waf1/Cip1  at  mRNA  and  protein  levels.  Furthermore,  p21  knock¬ 
down  can  completely  rescue  PMEPA1  knockdown  induced  cell  growth 
inhibition.  Consistently,  stable  depletion  of  PMEPA1  in  PC-3  prostate 
cancer  cell  inhibited  tumorigenesis  in  SHO  mice. 

CONCLUSIONS:  These  findings  support  the  hypothesis  that 
PMEPA  1  promotes  androgen  refractory  prostate  cancer  cell  prolifera¬ 
tion  through  inhibiting  the  expression  of  p21  Wafl/Cipl .  The  PMEPA1 
might  be  developed  as  a  molecular  target  for  androgen  refractory 
prostate  cancer  prevention,  diagnosis,  and  therapy. 


Source  of  Funding:  AUA  Foundation, 


DoD 


392 

SUPPRESSION  OF  PROSTATE  CANCER  GROWTH  BY  A 
NEUTRALIZING  ANTI-TRANSFORMING  GROWTH  FACTOR-BETA 
(TGF-/3)  ANTIBODY  1  Dll 

Qiang  Zhang*,  Lin  Chen,  Brian  H  elf  and,  Norm  Smith,  Chicago,  IL; 
Julie  Zhu,  Boston,  MA;  Borko  Javonovic,  Chicago,  IL;  Yinglu  Guo, 
Beijing,  China,  People’s  Republic  of;  Chung  Lee,  Chicago,  IL 

INTRODUCTION  AND  OBJECTIVES:  Transforming  growth 
factor-j3  (TGF-jS)is  a  potent  immunosuppressant  molecule.  In  previous 
studies,  we  showed  that  over-production  of  TGF-/3  by  prostate  cancer 
derived  cells  results  in  evasion  of  host  immune  surveillance  and  tumor 
progression.  In  this  study,  we  explored  the  potential  of  immunotherapy 
for  prostate  cancer  by  a  specific  neutralizing  anit-TGF-/3  antibody 
1D11. 

METHODS:  We  have  obtained  an  expression  vector  with  a 
triple  fusion  protein,  containing  HSVI-tk-GFP-luciferase  (SFG-nTGL) 
from  Dr.Vladimir  Ponomarev  of  the  Memorial  Sloan  Kettering  Cancer 
Center.  Mouse  prostate  cancer  TRAMP-C2  cells  are  transfected  with 
this  reporter  gene,  designated  as  TRAMP-luciferase.  This  new  ap¬ 
proach  will  allow  us  to  monitor  tumor  load  in  intact  animals  and  the 
effects  of  therapy  through  a  noninvasive  bioluminescence  imaging 
technology.  The  study  was  initiated  using  the  approach  of  subcutane¬ 
ous  (sc)  injection  of  TRAMP-luciferase  cells  (5x106  cells)  into  the  right 
flank  region  of  30  C57BL/6  mice.  Animals  are  randomly  assigned  to 
three  groups  following  with  intraperitoneal  injection  of  a  specific  neu¬ 
tralizing  anti-TGF-?antibody  1D11  or  control  antibody  13C4  respec¬ 
tively  at  the  time  of  tumor  cell  injection.  Group  1 :1  D1 1  (50  mg/kg  every 
3  days);  Group  2:1 3C4  (50  mg/kg  every  3  days),  and  Group  3:  no 
treatment  control.  All  the  mice  were  killed  after  15  time  injection  of 
antibodies.  The  size  and  weight  of  tumor,  weight  of  prostate  and  spleen 
were  measured. 

RESULTS:  In  the  group  treated  with  1D11  1  of  10  mice  were 
free  of  tumor,  and  all  the  mice  in  13C4  treatment  group  and  control 
group  have  tumors.  The  average  tumor  weight  and  volume  in  the 
remaining  9  mice  in  1D11  group  was  5.3g  and  6.85  cm2  respectively 
which  is  almost  2-5  folds  less  than  that  of  animals  in  13C4  treatment 
group  (15.8mg  and  12.85  mm2)  and  no  treatment  group  (31.4mg  and 
23.39  mm2)  (P<0.01).  There  is  no  significant  difference  on  the  weight 
of  prostate  and  there  is  no  significant  metastasis  on  all  the  groups  by 
the  monitor  of  bioluminescence  imaging.  Interestingly,  upon  treatment 
with  1 D1 1 ,  the  weight  of  spleen  (1 01  mg)  increased  when  compared  to 
another  two  groups  76.4  mg  and  80.4  mg  respectively. 

CONCLUSIONS:  The  data  indicated  that  neutralization  of  tu¬ 
mor  secreted  TGF-?by  1D11  may  induce  the  host  immune  response 
which  could  be  helpful  for  recovery  of  host  anti-tumor  immune  response 
inhibited  by  TGF-j3.The  inhibition  of  TGF-/3  then  results  in  the  suppres¬ 
sion  of  prostate  cancer  growth.  This  study  may  lead  to  the  development 
of  effective  antitumor  therapeutic  strategies  in  the  near  future. 

Source  of  Funding:  This  study  was  supported  in  part  by  grants 
from  the  American  Cancer  Society,  Illinois  (#08-22), 
Department  of  Defense  (W81XWH-09-1-031 1),  Portes  Center/ 
Institute  of  Medicine  of  Chicago  (QZ),  American  Cancer  Society 
Institutional  Research  Grant  (ACS-IRG  93-037-12),  American 
Urological  Association  Foundation  (AUA  Foundation,  QZ), 
National  Cancer  Institute  (P50CA090386),  a  grant  from  the 
Genzyme  Corporation,  and  a  gift  from  Mr.  Fred  L.  Turner. 
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Abstract 

Protein  ubiquitination  is  an  important  posttranslational  modification.  Protein  ubiquitination  is  typically  sequentially 
mediated  by  three  enzymes:  a  ubiquitin-activating  enzyme  (El),  a  ubiquitin-conjugating  enzyme  (E2).  and  a  ubiquitin 
ligase  (E3).  The  E3  controls  substrate  specificity.  Interestingly,  many  E3s  undergo  frequent  genetic  and  expression 
aberrations  and  function  as  either  tumor  suppressors  (i.e.,  SCFFb"'7)  or  oncoproteins  (i.e.,  Mdm2  and  SCFstp-)  in  breast 
cancer.  Several  specific  and  effective  small  molecular  inhibitors  of  Mdm2  and  CRL  have  been  reported  to  have  a 
substantial  ami-tumor  effect  in  vivo.  Therefore,  oncogenic  E3s  are  promising  molecules  for  cancer  target  therapy. 
The  KLF5  transcription  factor  is  overexpressed  in  ER  negative  basal  type  breast  cancer  and  promotes  breast  cell 
proliferation  and  tumorigenesis  through  upregulating  its  target  gene  FGF-BP.  Our  previous  studies  suggest  that  the 
KLF5  protein  turns  over  rapidly  by  the  WWP1  E3  ligase  through  the  ubiquitin  proteasome  pathway.  In  this  study, 
we  demonstrate  that  the  Skpl-Cull-Fbw7  E3  ubiquitin  ligase  complex  (SCFFW7)  targets  KLF5  for  ubiquitin-mediated 
degradation  in  a  KLF5  phosphorylation  dependent  manner.  Fbw7  interacts  with  KLF5  through  the  WD40  repeats  of 
Fbw7  and  a  CPD  motif  (3#3SPPSS)  of  KLF5  and  promotes  KLF5  ubiquitination  and  degradation.  Both  the  F-box  and 
WD40  repeats  of  Fbw7  are  required  for  KLF5  ubiquitination  and  degradation.  Mutation  of  the  critical  S303  residue 
in  the  KLF5  CPD  motif  abolishes  the  protein  interaction,  ubiquitination,  and  degradation  by  Fbw7.  Using  a  KLF5 
phosphorylation  specific  antibody  and  the  in  vitro  kinase  assay,  we  demonstrate  that  the  KLF5  S303  can  be  phosphorylated 
by  GSK3|3.  Inhibition  of  GSK3|3  activity  by  LiCl  delays  the  KLF5  degradation.  Importantly,  inactivation  of  endogenous 
Fbw7  by  gene  knockout,  knockdown,  or  mutation  remarkably  increases  the  endogenous  KLF5  protein  abundances 
through  blocking  its  degradation.  The  endogenous  Fbw7  isoforms  (a,  13  and  y)  can  promote  endogenous  KLF5 
degradation  in  a  cell  line  dependent  manner.  Finally,  we  found  that  endogenous  Fbw7  suppresses  the  FGF-BP  gene 
expression  and  breast  cell  proliferation  through  targeting  KLF5  for  degradation.  These  findings  suggest  that  the  Fbw7 
tumor  suppressor  inhibit  breast  cancer  cell  proliferation  at  least  partially  through  targeting  KLF5  for  ubiquitin-mediated 
degradation.  This  new  regulatory  mechanism  of  K.LF5  degradation  may  result  in  useful  diagnostic  and  therapeutic 
targets  for  breast  cancer  and  other  cancers. 

The  research  is  supported  by  an  American  Cancer  Society  Research  Scholar  Award  and  a  DoD  I  PEA  Award. 
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;tance  to  rumor  formation  seen  in  this  study  may  provide  important  insight  into 
e  regulatory  mechanisms  present  in  bronchial  epithelial  cells  routinely  exposed  to 
Lviron mental  carcinogens, 

}!49  4E-BP1  loss  of  function  in  pancreatic  carcinogenesis.  Rani  a  Azar, 
hristiane  SiisLni,  Corinne  Bousquec,  Stephane  Pyronnet.  INSERM  U858,  Tou- 
usf,  France  - 

Inactivation  of  the  transcription  factor  Smad4/DPC4  gene  Is  a  frequent  event 
iat  correlates  with  aggressiveness  of  pancreatic  adenocarcinomas.  We  have  previ- 
Ay  shown  rhat  the  stress-inducible  translational  inhibitor  4E-BP1  is  a  target  of 
itad4  essential  for  TGFbera-mediated  inhibition  of  cell  proliferation.  Here*  vve 
tow  that  4E-BP1  expression  parallels  that  of  Smad4  through  the  graded  Staggs  of 
Uicreatic  cancer  progression,  4E-BP1  amount  Transiently  increases  in  human  Pa- 
IM-1  and  Pan  IN -2  lesions,  but  is  dramatically  diminished  in  PanlN-3  and  inva- 
ve  carcinomas,  A  similar  pattern  of  4E-BP1  expression  is  seen  in  PanlNs  from 
me  teas  of  mice  that  carry  a  pancreas-specific  mutated  Kras  allele  (Kras-Pdxl  /ere 
lice).  Furthermore,  we  show  in  vitro  that  4E-BP1  expression  is  efficiently  induced 
ndcr  hypoxia  in  Smad4~+,  but  not  in  Smad4  '  pancrearic  duct  cells.  We  further 
weal  that,  at  the  molecular  level,  5mad4  cooperates  with  H1F1 -alpha  to  induce 
E  BP  I  gene  transcription  in  hypoxic  cells.  Thus,  it  appears  that  pancreatic  duct 
His  which  carry  Smad4  loss  are  no  longer  capable  of  inducing  4E-BP1  under  stress 
onditions.  This  may  have  important  consequences  in  pancreatic  carcinogenesis  as 
E-BP  1  is  viewed  as  a  stress- inducible  lactor  whose  function  is  to  block  cellular 
iratcm  synthesis  to  concentrate  resources  on  an  appropriate  stress  response  aimed 
jt  restraining  carcinogenesis. 


♦3151  Posttranscriptionai  regulation  of  p21  by  MCGlO,  an  RNA-binding 
proem  and  a  target  of  tumor  suppressor  p53.  Ariane  Scoumannt,  Seong  Jun 
m  Xinbin  Chen.  Center  for  Comparative  Oncology.  University  of  California  at 
Dim,  Dams,  CA* 

I  Tke  tumor  suppressor  p53  plays  a  crucial  role  in  regulating  many  cellular  pro- 
sss,  such  as  cell  cycle  arrest,  apoptosis,  senescence  and  cel!  metabolism,  in  re¬ 
duce  to  stress  signals.  As  a  transcription  factor.  p53  modulates  the  expression  of  a 
etbora  of  genes,  including  p2l,  Killer/DR5,  GADD45,  TIGAR  and  MDM2. 
Bt  tumor  suppressor  function  of  p53  is  further  underscored  by  the  high  propen- 
»  of  p53  mutations  found  in  human  cancer.  RNA-binding  proteins  arc  key 
bdulators  in  RNA  metabolism  involved  in  alternative  splicing,  mRNA  stability, 
m  an  sport  as  well  as  translation.  Abnormal  expression  of  RNA-binding 
mem  Is  implicated  in  a  growing  number  of  human  diseases  ranging  from  neu- 
logical  disorders  to  cancer.  Here,  we  showed  that  MCG10,  an  RNA-binding 
ptin  and  a  target  of  p53,  regulates  the  stability  of  cell  cycle  inhibitor  p2l  rran- 
mpr,  Indeed,  we  found  that  MCGlG  decreases  p2l  levels  induced  upon  DNA 
page.  In  addition,  we  showed  that  MCG10  directly  binds  to  the  3 'untranslated 
towrofpll  transcript  to  destabilize  it.  Furthermore,  we  generated  MCF7  breast 
pocarcinoma  and  RKO  colon  carcinoma  cell  lines  in  which  MCGlO  is  indue- 
ir knocked  down.  We  found  that  MCGlO  is  required  for  cell  proliferation.  In 
piton,  we  showed  that  deficiency  in  MCGlO  leads  to  an  increase  in  basal  and 


DNA  damage-induced  p2I  levels.  Taken  together,  wc  uncovered  a  role  for  RNA- 
binding  protein  MCGlO  in  modulating  the  p53  pathway  through  posrtranscrip- 
tiona!  regulation  of  p2l . 

#3152  Sumoylation  of  eIF4E  activates  mRNA  translation.  Jing  Hu,  Xiang 
Xu,  Jaya  Vatsyayan,  Chenxi  Gao.  Untv.  of  Pittsburgh  Cancer  I  mi..  Pittsburgh ,  PA. 

Eukaryoric  translation  initiation  factor  4E  (elF4E)  is  the  cap-binding  protein 
that  binds  the  5'  cap  structure  of  cellular  mRNAs.  Despite  the  obligatory  role  of 
eIF4E  in  cap-dependent  mRNA  translation,  how  the  translation  activity  ofeIF4Eis 
controlled  remains  largely  undefined.  Here  we  report  that  mammalian  eIF4E  is 
regulated  by  SUMO- 1  (small  ubiquitin- related  modifier- 1)  conjugation,  el  F4E  is 
sumoylated  on  lysines  36,  49,  162,  206  and  212.  Using  HF4E  sumo- deficient 
mutant  as  a  tool,  we  find  that  eJF4E  snmoylation  disrupts  the  interaction  of  4IF4E 
with  its  inhibitor  4E-BP1  (GlF4E-binding  protein  1)  and  promotes  the  elF4E/ 
elF4G  association.  Further,  down regulation  of  el  F4E  sumoylation  inhibits  elF4E- 
de  pendent  pro  ret  n  translation  of  a  subset  of  genes  that  are  critical  for  cell  prolifer¬ 
ation  and  preventing  apoptosis,  and  abrogates  the  oncogenic  and  anti-apoprotic 
functions  associated  with  dF4E,  These  data  indicates  that  sumoylation  represents  a 
novel  fundamental  regulation  mechanism  of  protein  synthesis.  Our  findings  further 
suggest  that  eIF4E  sumoylation  may  be  important  in  promoting  human  cancers. 

#3153  The  role  of  ubiquitin  in  androgen  receptor  function  in  prostate 
cancer.  Steven  Darby,  Hollie  Lumsden,  Luke  Gaughan,  Craig  N.  Robson,  New¬ 
castle  Unite  Northern  Institttre  for  Cancer  Research.,  Newcastle ,  United  Kingdom, 

Introduction  Prostate  cancer  (PC)  is  the  most  common  male  cancer  in  the 
western  world.  The  androgen  receptor  CAR)  plays  a  central  role  in  PC  development 
and  remains  the  primary  target  for  therapy.  Androgen  deprivation  therapy  is  cur¬ 
rently  the  standard  treatment  for  PC.  However,  following  a  2-3  year  period,  a  more 
aggressive  cancer  usually  recurs  that  is  unresponsive  to  further  androgen  deprivation 
and  is  termed  castrate  resistant  prostate  cancer  (CRPC).  Several  AR  interacting 
proteins  are  components  of  the  ubiquitin- pro reasome  degradation  system,  includ¬ 
ing  Mdm2,  CHIP  and  E6AP  E3  tigases  implicating  proteasomal  degradation/ 
activation  as  a  key  event  in  AR  function.  In  this  study  we  have  investigated  which 
ubiquitin  ligases  are  involved  In  AR  ubiquitination  and  whether  altered  ubiquiri- 
nation  levels  play  a  critical  role  and  subsequent  AR  function  in  development  of 
CRPC,  Methods  In  vitro  ubiquitination  assays  were  performed  with  AR  as  the 
substrate  with  multiple  purified  E3  ligase  enzymes  in  conjunction  with  wild  type  or 
mutant  ubiquitin  (K7R,  K48  and  K63).  A  panel  of  E2  conjugating  enzymes  were 
also  employed  ro  identify  which  E2/E3  heterodimers  were  involved  in  this  process. 
Ubiquitinated  AR  fragments  were  gel  excised  and  digested  with  trypsin.  Fragments  were 
then  subjected  to  proteomk  analysis  to  determine  the  sires  of  ubiquitination  in  AR. 
Results  In  vitro  ubiquitination  assays  using  lysine  null  ubiquitin  (K7R)  revealed  mo- 
noubiqulti nation  of  AR  in  multiple  domains  of  AR  in  response  to  four  E3  ligases. 
Screening  of  an  E2  panel  also  identified  multiple  E2  conjugating  enzymes  implicated  in 
AR  ubiquitination.  K4B  ubiquitin  (implicated  in  proteosomal  degradation)  and  K63 
ubiquitin  (implicated  in  substrate  activation)  incorporated  into  in  vitro  assays  idendfied 
differential  poly-ubiquiti  nation  chain  patterns  in  AR,  dependent  on  which  E3  ligase  was 
used  in  the  assay.  Proreomic  analysis  of  ubiquitinated  AR  fragments  identified  a  novel 
site  of  ubiquitination  within  AR.  Conclusions  AR  was  ubiquitinated  by  four  E3  ligases 
evaluated  in  this  study.  Mono-  and  poly-ubiquiti  nation  of  AR  was  identified.  Mass 
spectroscopy  revealed  a  novel  sire  of  ubiquitination  in  AR.  Further  experiments  arc 
being  performed,  including  sire  directed  mutagenesis  to  determine  the  importance  of 
the  novel  ubiquitination  site  in  AR  protein  proteosomal  turnover  and  transcriptional 
activation. 

#3154  Translation  of  TRAP  1  is  regulated  by  IRES -dependent  mechanism 
and  stimulated  by  vincristine  in  lymphoid  malignancies.  Lin  Yang,  Lubing  Gu, 
Zhouya  Li,  MmtiangZhou.  Emory  Univ .  School  of  Medicine,  Atlanta.  GA. 

TRAFl  is  a  member  of  the  TRAP  family,  which  plays  important  roles  in  signal 
transduction  that  mediate  cell  life  and  death  in  the  immune  response,  inflammatory 
and  malignant  diseases.  It  is  known  that  TRAFl  transcription  is  inducible  by 
various  cytokines,  but  little  is  known  about  the  regulation  of  its  protein  translation. 
In  the  present  study,  we  demonstrated  that  the  human  TRAFl  mRNA  has  an 
unusually  long  5'-UTR  that  contains  an  IRES  regulating  TRAFl  protein  transla¬ 
tion.  By  performing  gene  transfection  and  reporter  assays,  we  revealed  that  this 
IRES  sequence  is  located  within  the  572  nucleotides  upstream  from  the  AUG  start 
codon.  An  element  between  nucleotides  -392  to  -322  was  essential  for  the  IRES 
activity.  Interestingly,  we  found  that  the  TRAFl  expression  is  induced  in  cancer 
cells  by  chemotherapeutic  drug  vincristine  that  regulates  cytoplasmic  localization  of 
PTB  protein,  which  may  contribute  to  the  IRES-dependent  translation  of  TRAF I 
during  vincristine  treatment.  These  results  indicate  that  TRAFl  translation  is  ini- 


13150  The  SCFFI,in'7  E3  ubiquitin  Ligase  complex  targets  KLF5  for  nbiq- 
urination  and  degradation  in  a  phosphoiylation  dependent  manner.  Han-Qiu 

£heng,  Dong  Zhao,  Zhongmd  Zhou,  Ceshi  Chen.  Albany  Medical  College,  Albany, 

W- 

The  KLF5  transcription  factor  is  overexpressed  in  ERoi  negative  basal  type  breast 
femter  and  promotes  breast  cell  proliferation,  survival,  and  tumorigenesis  through 
^regulating  its  target  gene  FGF-BP,  We  previously  identified  1  as  an  E3 

liiqeitin  ligase  for  KLF5,  However,  the  regulation  mechanisms  of  KLF5  protein 
kgradation  through  the  ubiquitin  proteasome  pathway  are  still  poorly  understood. 
In  this  study,  we  demonstrate  that  the  Skpl-Cull-Fbw7  E3  ubiquitin  ligase  com- 
M(SCFfW7)  targets  KLF5  for  ubiqui tin-mediated  degradation  in  a  KLF5  phos- 
Aofylation  dependent  manner.  Fbw7  interacts  with  KLF5  through  the  WD40 
tpeats  of  Fbw7  and  a  cdc-4  phospho-degron(CPD  domain,  -^SPPSS)  of  KLF5 
Uhl  promotes  KLF5  ubiquitination  and  degradation.  Both  the  F-box  and  WD40 
feptarsof  Fbw7  are  required  for  KLF5  ubiquirination  and  degradation.  Mutation 
Df  the  critical  Ser303  residue  in  the  KLF5  CPD  motif  into  Ala  abolishes  the  protein 
iathacrion,  ubiquitination,  and  degradation  by  Fbw7.  In  addition,  the  interaction 
between  wild  type  KLF5  and  Fbw7  can  be  abrogated  by  alkaline  phosphatase  (CtP) 
Raiment.  Using  a  KLF5  S303  phosphorylation  specific  antibody,  we  demonstrate 
■Idle  S303  residue  is  phosphorylated.  We  further  demonstrate  that  the  KLF5 
iHBcan  he  phosphorylated  by  GSK3  in  vitro.  Inhibition  of  GSK3  activiry  by  LiCl 
Mtp  the  KLF5  S303  phosphorylation  and  the  KLF5  protein  degradation.  This 
■w  regulatory  mechanism  of  KLF5  degradation  may  result  in  useful  diagnostic  and 
Isapewie  targets  for  breast  cancer  and  other  cancers. 
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Mated  via  the  IRES  and  regulated  by  vincristine*  and  suggest  that  regulation  of  the 
I  RES -dependent  translation  ofTRAFI  may  be  involved,  in  effecting  the  cancer  cell 
response  to  vincristine  treatment. 

#3155  The  SCFfHW7  E3  ubiquitin  Kgase  targets  Kriippd-Jike  factor  5 
(KLF5)  for  proteolysis  in  breast  cancer.  Dong  Zhao,  Han-Qiu  Zheng,  Zhongmei 
Zhou,  Ceshi  Chen.  Albany  Medical  College,  Albany,  NY. 

Kriippel-like  factor  5  £KLF5)  is  an  evolutionary  conserved  zinc  Hnger-con coin¬ 
ing  transcription  (actor  promoting  breast  cell  proliferation,  survival,  and  tumor 
growth  through  uptegulating  Its  target  gene  FGF-BP.  The  protein  abundance  of 
KI.F5  has  heen  shown  to  be  strictly  regulated  at  transcriptional  and  posrtransla- 
cio nal  levels.  Our  previous  studies  suggest  that  the  KLF5  protein  degradation  is 
through  the  ubiquitin  protcasome  pathway.  The  WWPl  E3  ligase  can  target  KLF5 
for  ubiquitin- mediated  proceasomai  degradation.  In  this  study,  we  demonstrated 
the  F-box  protein  FBW7  targets  KLF5  for  proteolysis  and  suppresses  KLF5  s  func¬ 
tions  in  breast  cancer.  The  SCFF&W7  (SKPl-Cullinl-F-box)  E3  ligase  complex  has 
been  shown  to  target  several  oncoproteins,  including  MYC  and  CyclinE,  for  pro¬ 
teolysis.  FBW7  could  be  a  tumor  suppressor  due  to  its  frequenr  mutations  in 
multiple  cancers.  Here,  we  first  demonstrated  that  Inactivation  of  endogenous 
FBW7  by  gene  knockouE,  knockdown,  or  mutation  remarkably  increases  the  en¬ 
dogenous  KLF5  protein  abundances  through  blocking  its  degradation  in  multiple 
cell  lines.  Second,  we  found  that  overexpression  of  FBW7  decreases  the  exogenous 
and  endogenous  KEF  5  protein  levels  in  HEK293T  and  SUMI49PT  cell  lines, 
Funcrionally,  overexpression  of  FBW7  in  the  endogenous  FBW7  mutated 
SUM149PT  cells  decreases  the  FGF-BF  gene  expression  and  the  DNA  synthesis. 
Importantly,  knockdown  of  endogenous  Fbw7  increases  the  FGF-BP  gene  expres¬ 
sion,  cell  proliferation,  and  survival  through  upregulating  the  KLF5  expression  in 
breast  cells.  These  Findings  suggest  that  the  Fbw7  tumor  suppressor  inhibit  breast 
cancer  cell  proliferation  and  survival  at  least  partially  through  targeting  KUF5  for 
ubiquitin -mediated  degradation.  This  new  regulatory  mechanism  of  KLF5  degra¬ 
dation  may  result  in  useful  diagnostic  and  therapeutic  targets  for  breast  cancer  and 
other  cancers. 


#3156  eIF4E  in  human  breast  cancer  and  its  role  in  regulating  translation 
of  splice  variants  of  breast  cancer  genes,  Jenny  Yuen-Nei  Cheung,  Ashley  San-Yu 
Wong,  Kelvin  Yuen-Kwong  Chan,  Ui-Soon  Khoo.  The  University  of Hong  Kong, 
Hong  Kong,  Hong  Kong, 

In  eukaryotes,  most  of  mRNAs  are  translated  by  the  scanning  mechanism.  The 
tri meric  complex  eiF4F  (consisting  of  eukaryotic  initiation  factor  eIF4E,  eIF4G 
and  dP4A)  binds  to  ribosomes  and  the  5 'end  of  mRNA,  unwinding  the  secondary 
structures  for  scanning.  e!F4E  is  the  least  abundant  initiation  factor,  and  may 
therefore  determine  the  rate  of  translation.  Overexpression  of  cIF4E  can  cause 
malignant  transformation  of  immortalized  human  cells.  Anti-sense  oligonucleo¬ 
tides  of  eIF4E  partially  reversed  the  malignant  phenotypes,  suggesting  that  overex¬ 
pression  of  elF4E  ts  the  direct  cause  of  transformation.  Two-  to  threefold  higher 
elF4E  levels  have  been  deiecred  in  breast  cancer  using  i mm u nohistochemistry. 
Aabout  10%  of  cellular  mRNAs  contain  atypical  ly  long  5'UTR  and  many  of  these 
encode  pro  to- oncogenes  and  growth  factors.  It  is  believed  that  these  long  5'UTR 
sequences  tend  to  form  stable  secondary  structure,  requiring  higher  levels  or  activ¬ 
ities  of  eTF4F  for  their  translation.  Over  60%  of  human  genes  are  alternatively 
spliced.  These  may  produce  variants  with  different  degrees  ofsecondary  structure  at 
their  5'-UTR.  We  hypothesized  that  the  elevated  eJF4Er  level  in  breast  cancer  cells 
allows  more  effective  translation  of  breast  cancer  gene  variants  with  extensive 
5'UTR  secondary  structure.  These  changes  in  variants  profile  may  be  important  for 
breast  cancer  development  and  progression.  We  first  analyzed  the  expression  levels 
of  e!F4E  in  human  breast  cancer  and  non-tumor  biopsies  in  tissue  microarray.  Our 
preliminary  results  showed  that  them  was  significantly  higher  elF4E  expression  in 
tumor  versus  non-tumor  and  eIF4E  expression  was  positively  correlated  to  estrogen 
receptor  (ER)  expression  (OR ”4.4,  p"  0.006).  Although  dF4E  expression  levels 
were  independent  of  rumor  grade  and  size,  it  was  strongly  associated  with  overall 
clinical  ER  and  progesterone  receptor  status  (OR=6.3,  p=Q,Q03  and  OR -6.5. 
p=0.002).  The  differential  translation  of  breast  cancer  gene  splice  yafiants  in  breast 
cancer  cell  lines  is  being  analyzed  and  their  correlation  with  the  extent  ofsecondary 
structure  of  their  5'  UTRs  will  be  determined. 

#3157  SubcdJular  localization  and  mRNA  targets  of  a  novel  human  RNA- 
binding  protein,  KJAAO02O.  Ching-Wen  Yang,  Shu-Yii  Cheng,  Christina  L. 
Chang.  National  Cheng  Kung  University,  Tainan,  Taiwan. 

Human  KIAA0Q20  belongs  to  the  PDF  family  of  RNA-binding  proteins.  Most 
of  family  members  contain  eight  RNA-binding  Pumilio  repeats  and  are  known  ro 
regulate  mRNA  stability  and  translation.  In  fact,  hunchback,  Cyclin  B,  and  HO 
endonuclease  mRNAs  are  known  targets  for  certain  PUT  family  members  in  human 
and  other  species.  Currendy  little  Is  known  about  human  KLAAG020,  which  con¬ 


tains  six  instead  of  eight  Pumilio  repeats  and  shares  low  homology  with  itsffl 
members  In  this  study,  we  characterized  this  protein  and  found  that  wild-gi 
K1AAG020  was  localized  to  multiple  foci  within  the  nucleus  of  HeU  J 
HEK293T  cells.  Deletion  of  C-  terminus  and,  to  a  less  extent,  N-rermiruiil 
K3AA0Q2Q,  permitted  partial  cytosolic  localization.  Furthermore,  we  have  founj 
number  of  mRNA  targets  that  were  regulated  by  K1AA0020  in  cells  containd 
ectopic  overexpression  of  K1AA002Q  variants  or  shRN  A- mediated  kmxkdtf! 
Based  on  microarray  data  analysis  from  Oncomine,  KIAAOO20  appears  tobd 
regulated  in  a  variety  of  human  cancer  types.  Understanding  the  subcellularla 
ization  and  mRNA  targets  of  K1AA0G2G  will  improve  our  knowledge  of  the  fit 
tion  of  this  protein  and  its  relevance  to  cancer. 

#3158  Evidence  for  a  role  of  EWS  in  alternative  splicing  in  Ewing's  I 
coma.  Lucia  T.  Rkdmann,  Maximilian  O.  Kauer,  Gunhild  Jug,  Heinrich 
Children* s  Cancer  Research  Institute,  Vienna,  Austria. 

Ewing1  s  sarcoma  family  tumors  (ESFT)  ate  characterized  in  85%  of  cases  by  tfl 
oncogenic  fusion  protein  EWS-FLIl  resulting  from  a  chromosomal  TraristoaM 
While  FLU  Is  an  ETS  transcription  faeror,  EWS  belongs  to  the  evolutional 
conserved  FET  family  of  RNA-binding  proteins.  So  far.  functional  studies  of  J 
cogenic  EWS  fusion  proteins  have  concentrated  on  their  presumed  role  as  ltd 
scriptional  regulators.  However,  chimeric  FET  proteins  are  usually  co-expitsd 
with  their  intact  counterparts  and  previous  protein  interaction  studies  have  shod 
that  EWS  and  EWS-FLIl  interact  with  each  other.  Therefore,  it  is  possible^ 
functional  Interference  with  normal  EWS  function  accounts  for  part  of  the  otd 
genic  activities  of  EWS- FLll.  However*  the  rok  of  EWS  in  post-rranstripiionati 
transcriptional  gene  regulation  is  poorly  defined.  Since  FET  proteins  associate 
a  number  of  RNA  processing  factors*  we  investigated  the  influence  of  moduM 
EWS  expression  on  genome  wide  splicing  using  Affymetrix  HuEx- 1 ,0stv2  amj| 
For  that  purpose,  we  used  two  model  systems:  a  unique  ESFT  cell  line  ben 
endogenous  EWS  was  studied  upon  stable  restoration  of  EWS  expression,  and 
ESFT  oell  line  allowing  for  inducible  RNAi-mediared  EWS-FLIl  suppression^ 
analyzed  upon  transient  EWS  knockdown.  As  a  result,  we  found  significant  difli 
ences  between  cells  with  and  without  EWS  expression  in  splicing  patterns  as  wtil 
alternative  promoter  usage  for  mote  than  50  genes.  GO  analysis  of  the  top  tankii 
genes  is  consistent  with  previously  suggested  functions  of  the  FET  protein  M 
such  as  DNA  repair,  chromatin  structure  and  RNA  transcription.  The  alterm 
splicing  patterns  were  verified  by  RT-qPCR  of  candidate  genes  which  are  ninei 
tested  for  their  functional  relevance  to  ESFT.  One  of  these  candidate  gend 
structural  maintenance  of  chromosome  5  (SMC5).  As  a  core  component  of 
SMC5-SMC6  complex  it  is  involved  in  sister  chromatid  homologous  recomh 
cion  by  recruiting  the  SMC1-SMC3  cohesin  complex  to  DNA  doublc-sttjq 
breaks  during  anaphase.  Ongoing  studies  concentrate  on  the  influence  of  E^l 
FL1 1  on  EWS-depcndcnt  alternative  RNA  processing  patterns  in  these  modda 
terns.  This  study  is  supported  by  gram  P2G665-B1 2  of  the  Austrian  Science 
FWF 

#3159  RPS6  controls  the  translation  of  5 1  terminal  oligopyrimidine  tt 
containing  mRNAs  through  a  physical  interaction  that  regulates  the  loading 
these  messages  on  the  polysome.  Patrick  Hagner,  Krystyna  Mazan-Mamq 
Bojie  Dai,  Ronald  B.  Garcenhaus.  Univ.  of  Maryland,  Baltimore,  MD. 

The  prevailing  paradigm  for  mTGR  signaling  implicates  RPS6  activation 
translational  control  of  mRNAs  characterized  by  the  presence  of  an  oligopyrtmh 
tract  (5'  terminal  obgopyrimidinc)  within  the  5'  untranslated  region.  These  tut 
sages  containing  an  oligopyrimidine  tract  are  important  for  ribosomal  biogenefl 
they  encode  most  of  the  translational  apparatus.  However,  mechanistic  detail 
how  RPS6  is  involved  in  the  regulation  of  these  oligopyrimidine  tract -contabi 
messages  are  still  poorly  understood.  We  demonstrated  that  through  small  inhi 
toty  RNA  (siRNA)  knockdown  ofRPS6,  5'  TOP  mRNA  were  selectively  upcq 
lated  in  heavy  polysomal  fractions.  The  ability  of  RPS6  to  interact  with  endogcoi 
mRNA  containing  5'  TOP  sequences  was  tested  by  immunopredpi ration 
analysis  using  lysates  from  Diffuse  Large  R-ccll  Lymphoma  (DLBCL)  cdl  I 
(Farage  and  OC1-LY10)  and  a  specific  RPS6  antibody.  The  association  of  K 
with  5'  TOP  mRNA  was  interrogated  using  RT-qPCR  to  examine  mRNAs  isab 
from  the  IP  marerial  using  primer  sets  specific  for  multiple  5*  TOP  mRNAs. 
found  chat  5'  TOP  containing  mRNA  were  highly  enriched  in  IP  marerialobtaii 
with  an  ti-RPS6  anti  body  compared  with  the  background  level  of  amplification! 
in  control  immunoglobulin  G  (Ig<j)  IP.  We  constructed  a  heterologous  gn 
fluorescent  protein  (GFP)  mRNA  containing  the  5'  TOP  sequence  from  the  RJ 
gene  in  the  5'  UTR.  Using  mRNP-IP  assays,  RPS6  was  found  to  interact  with] 
heterologous  construct  containing  the  5*  TOP  sequence  when  compared  ra 
normal  GFP  mRNA  control.  A  number  of  previous  publications  indicated  1 
aberrant  control  of  pro  rein  translation  contributes  to  lymphomagencsis,  RPS6 
been  shown  to  control  the  formation  of  nascent  ribosomal  subunits  and  to  par 
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The  WWP1  E3  Ubiquitin  Ligase  as  a  Novel  Mdtecular  Target  in  Breast  Cancer 

Dr.  Ceshi  Chen 

Center  for  Ceil  Biology  and  Cancer  Research,  Albany  Medical  College,  Albany,  New  York 


Protein  ubiquitination  is  an  important  posttranslationai  modification  that  regulates  a  multitude  of 
cancer  related  cellular  processes,  including  cell  growth  and  death.  Protein  ubiquitination  is 
typically  sequentially  mediated  by  three  enzymes:  a  ubiquitin-activating  enzyme  (El),  a 
ubiquitin-conjugating  enzyme  (E2),  and  a  ubiquitin  ligase  (E3),  The  E3  controls  substrate 
specificity.  In  human  beings,  there  are  more  than  600  E3s.  Interestingly,  many  E3s  undergo 
frequent  genetic  and  expression  aberrations  and  function  as  either  tumor  suppressors  (i.e., 
BRCA1)  or  oncoproteins  (i.e.,  Mdm2  and  Skp2)  in  breast  cancer.  Several  specific  and  effective 
small  molecular  inhibitors  of  Mdm2  have  been  reported  to  have  a  substantial  p53-dependent 
anti-tumor  effect  in  vivo.  Therefore,  oncogenic  E3s  are  promising  molecules  for  cancer  target 
therapy.  Our  long  term  goal  is  to  identify  cancer  related  E3s  as  molecular  targets  and  to  improve 
cancer  prevention,  diagnosis,  and  therapy.  We  have  recently  demonstrated  that  the  WW 
domain  containing  E3  ubiquitin  protein  ligase  1  (WWP1)  gene  is  frequently  amplified  and 
overexpressed  in  estrogen  receptor  a  (ERa)  positive  breast  cancer.  Inhibition  of  WWP1  alone 
by  siRNA  or  dominant  negative  WWP1  induces  apoptosis  in  ERa  positive  breast  cancer  cell 
lines  MCF7  and  HCC150G  primarily  through  activation  of  caspase  8.  The  WWP1  siRNA  induced 
apoptosis  in  MCF7  can  be  completely  rescued  by  overexpression  of  wild  type  WWP1  but  not 
the  E3  ligase  inactive  WWP1C890A.  Furthermore,  we  demonstrated  that  inhibition  of  WWP1 
can  be  combined  with  tamoxifen  or  tumor  necrosis  factor  (TNF)-retated  apoptosis-inducing 
ligand  (TRAIL)  to  suppress  breast  cancer  cell  proliferation  and  survival.  Finally,  we 
demonstrated  that  WWP1  may  promote  breast  cancer  cell  survival  partially  through  directly 
targeting  several  substrates,  including  p63  and  ErbB4,  for  ubiquitin-mediated  degradation. 
These  findings  suggest  that  WWP1  may  be  a  novel  molecular  target  in  ERa  positive  breast 
cancer. 
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PEMPA1  PROMOTES  PROSTATE  CELL  PROLIFERATION  THROUGH  SUPPRESSING  THE 
SMADS-C-MYC-P21  SIGNALING  PATHWAY 

Ceshi  Chen/  Rong  Liu/  and  Jian  Huang2 

Albany  Medical  College  and  2Texas  Medical  Center 


Background:  The  PMEPA1  gene  has  been  shown  to  be  an  androgen-induced  gene  predominantly  expressed  in 
prostate  epithelial  cells  and  overexpressed  in  androgen-independent  xenograft  tumors.  Transforming  growth 
factor  p  (TGFP)  has  been  shown  to  induce  the  PMEPA1  expression.  Interestingly,  PMEPA1  suppresses  the 
TGFP  signaling  through  binding  to  Smad2/3  and  preventing  them  from  phosphorylation.  However,  PMEPA1 
has  also  been  shown  to  have  tumor  suppressor  activities.  Thus,  the  physiological  function  and  mechanistic 
action  of  PMEPA1  in  prostate  cancer  are  unclear. 

Methods:  The  expression  of  PMEPA1  in  prostate  cancer  was  detected  by  western  blotting  (WB)  and 
immunohistochemistry  (IHC).  PMEPA1  was  knocked  down  and  overexpressed  in  PC-3  and  other  cancer  cell 
lines.  Cell  proliferation  was  measured  by  DNA  synthesis.  Cell  cycle  was  measured  by  propidium  iodide  staining 
and  flow  cytometry.  The  gene/protein  expression  levels  were  assessed  by  qRT-PCR  and  WB.  Tumor  growth 
was  analyzed  in  nude  mice. 

Results:  We  demonstrate  that  PMEPA1  is  frequently  overexpressed  in  prostate  cancer  cell  lines  and  tumors.  In 
RWPE1  and  PC-3  prostate  cell  lines,  inhibition  of  PMEPA1  suppresses  cell  proliferation  through  upregulating 
the  p21  transcription.  Additionally,  PMEPA1  overexpression  suppresses  the  p21  expression  and  promotes  cell 
proliferation.  We  further  found  that  PMEPA1  is  induced  by  TGFP  as  a  negative  feedback  loop  to  suppress 
Smad3  phosphorylation  and  nuclear  translocation,  upregulates  c-Myc,  downregulates  p21,  and  promotes  cell 
proliferation.  The  PMEPA1  functions  depend  on  its  Smad2/3  binding  motif.  Consistently,  depletion  of  Smad3/4, 
but  not  Smad2,  blocks  the  PMEPAl’s  functions  of  regulating  c-Myc  and  p21.  Finally,  stable  depletion  of 
PMEPA1  in  PC-3  inhibits  xenograft  growth. 

Conclusions:  PMEPA1  promotes  prostate  cancer  cell  proliferation  and  tumor  growth  through  inhibiting  the 
Smad3/4-c-Myc-p21  signaling  pathway. 

Impact:  This  study  clarified  the  role  of  PMEPA1  and  mechanism  of  PMEPA1  action  in  prostate  cancer. 
PMEPA1  could  be  a  prognostic  biomarker  and  therapeutic  target  in  prostate  cancer. 

This  work  was  supported  by  the  U.S.  Army  Medical  Research  and  Materiel  Command  under  W81XWH-07-1-0191. 
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The  Fbw7  tumor  suppressor  targets  KLF5  for  ubiquitin  mediated  degradation  in  a 
phosphorylation  dependent  manner 


Ceshi  Chen.  Dong  Zhao,  Han-Qiu  Zheng,  Zhongmei  Zhou 
Albany  Medical  College,  Albany,  NY,  USA 


The  KLF5  transcription  factor  is  overexpressed  in  ER  negative  basal  type  breast  cancer  and 
promotes  breast  cell  proliferation,  survival,  and  tumorigenesis  through  upregulating  its  target 
gene  FGF-BP.  Our  previous  studies  suggest  that  the  KLF5  protein  turns  over  rapidly  by  the 
WWP1  E3  ligase  through  the  ubiquitin  proteasome  pathway.  Recently,  we  demonstrate  that  the 
Skp1*Cul1-Fbw7  E3  ubiquitin  ligase  complex  targets  KLF5  for  ubiquitin-mediated  degradation  in 
a  KLF5  phosphorylation  dependent  manner.  Fbw7  interacts  with  KLF5  through  the  WD40 
repeats  of  Fbw7  and  a  CPD  motif  (303  SPPSS)  of  KLF5  and  promotes  KLF5  ubiquitination  and 
degradation.  Both  the  F-box  and  WD40  repeats  of  Fbw7  are  required  for  KLF5  ubiquitination 
and  degradation.  Mutation  of  the  critical  S303  residue  in  the  KLF5  CPD  motif  abolishes  the 
protein  interaction,  ubiquitination,  and  degradation  by  Fbw7.  Using  a  KLF5  phosphorylation 
specific  antibody  and  the  in  vitro  kinase  assay,  we  demonstrate  that  the  KLF5  S303  can  be 
phosphorylated  by  GSK3p.  Inhibition  of  GSK3p  activity  by  LiCI  delays  the  KLF5  degradation. 
Importantly,  inactivation  of  endogenous  Fbw7  by  gene  knockout,  knockdown,  or  mutation 
remarkably  increases  the  endogenous  KLF5  protein  abundances  through  blocking  its 
degradation.  The  endogenous  Fbw7  isoforms  can  promote  endogenous  KLF5  degradation  in  a 
cell  line  dependent  manner.  Finally,  we  found  that  endogenous  Fbw7  suppresses  the  FGF-BP 
gene  expression  and  breast  cell  proliferation  through  targeting  KLF5  for  degradation.  These 
findings  suggest  that  the  Fbw7  tumor  suppressor  inhibit  breast  cancer  cell  proliferation  at  least 
partially  through  targeting  KLF5  for  ubiquitin-mediated  degradation.  This  new  regulatory 
mechanism  of  KLF5  degradation  may  result  in  useful  diagnostic  and  therapeutic  targets  for 
breast  cancer  and  other  diseases. 


The  research  is  supported  by  an  American  Cancer  Society  Research  Scholar  Award  and 
IDEA  Award.  | 
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The  Yes-associated  protein  (YAP)  is  an  oncoprotein  in  the  Hippo  tumor  suppressor  pathway  that  regulates  tumorigenesis.  Although 
YAP  functions  through  its  WW  domains,  the  YAP  WW  domain  binding  partners  have  not  been  completely  determined.  In  this  study, 
we  demonstrate  that  YAP  functions  partially  through  binding  to  KLF5,  a  transcription  factor  promoting  breast  cell  proliferation  and 
survival.  YAP  interacts  with  the  KLF5  PY  motif  through  its  WW  domains,  prevents  WWP1,  a  KLF5  E3  ubiquitin  ligase,  from 
binding  to  KLF5,  and  stabilizes  KLF5  by  decreasing  the  WWP1 -mediated  KLF5  ubiquitination  and  degradation.  Over-expression  of 
the  wild  type  but  not  WW  domain  deficient  YAP  up-regulates  the  KLF5  protein  levels  and  the  mRNA  expression  levels  of  the  KLF5 
downstream  target  genes,  including  FGF-BP  and  ITGB2.  In  addition,  knockdown  of  YAP  decreases  the  expression  levels  of  KLF5, 
FGF-BP,  and  ITGB2.  Depletion  of  either  YAP  or  KLF5  decreases  breast  cell  proliferation  and  survival  in  MCF10A  and  SW527 
breast  cells.  Importantly,  stable  knockdown  of  YAP  or  KLF5  significantly  suppresses  SW527  xenograft  growth  in  mice.  The  YAP 
upstream  kinase  LATS1  suppresses  the  KLF5-FGF-BP  signaling  axis  and  cell  growth  through  YAP.  Finally,  both  YAP  and  KLF5 
are  co-expressed  in  estrogen  receptor  (ERa)-negative  breast  cell  lines.  These  findings  suggest  that  KLF5  is  an  important 
transcription  factor  partner  for  YAP  and  contributes  to  the  Hippo  tumor  suppressor  pathway.  This  study  is  supported  by  a  grant  from 
the  American  Cancer  Society  (RSG-08-199-01)  and  a  grant  from  the  Department  of  Defense  (W81XWH-07-1-0191). 
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Progesterone  (Pg)  promotes  normal  breast  development  during  pregnancy  and  lactation  and  increases  the  risk  of  developing  basal- 
type  invasive  breast  cancer.  However,  the  mechanism  of  action  of  Pg  has  not  been  fully  understood.  In  this  study,  we  demonstrate 
that  the  mRNA  and  protein  expression  of  Klf5,  a  pro-proliferation  and  pro-survival  transcription  factor  in  breast  cancer,  was 
dramatically  up-regulated  in  mouse  pregnant  and  lactating  mammary  glands.  Pg,  but  not  estrogen  and  prolactin,  induced  the 
expression  of  KLF5  in  multiple  Pg  receptor  (PR)-positive  breast  cancer  cell  lines.  Pg  induced  the  KLF5  transcription  is  through  PR 
in  the  PR-positive  T47D  breast  cancer  cells.  Importantly,  Pg  failed  to  promote  T47D  cell  proliferation  when  the  KLF5  induction  was 
blocked  by  siRNA.  In  addition,  KLF5  overexpression  was  sufficient  to  induce  the  cytokeratin  5  (CK5)  expression  and  the  induction 
of  CK5  by  Pg  was  partially  abrogated  by  KLF5  siRNA.  Consistently,  the  expression  of  KLF5  was  positively  correlated  with  that  of 

CK5  in  a  panel  of  breast  cancer  cell  lines.  Taken  together,  we  conclude  that  KLF5  is  a  Pg-induced  gene  that  contributes  to  Pg- 
mediated  breast  epithelial  cell  proliferation  and  de-differentiation.  This  work  was  supported  by  a  grant  from  the  American  Cancer 

Society  (RSG-08- 199-01)  anc|l  a  grant  from  the  Department  of  Defense  (W81XWH-07-1-0191). 
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Kriippel-like  factor  5  (KLF5)  is  a  PY  motif-containing  transcription  factor  promoting  breast  cell  proliferation.  The  KLF5  protein  is 
rapidly  degraded  through  the  proteasome  after  ubiquitinated  by  E3  ubiquitin  ligases,  such  as  WWP1  and  SCFFbw7.  In  this  study,  we 
demonstrate  that  transcriptional  co-activator  with  PDZ  binding  motif  (TAZ)  upregulated  KLF5  through  antagonizing  the  WWP1- 
mediated  KLF5  ubiquitination  and  degradation.  TAZ  interacted  with  KLF5  through  the  WW  domain  and  the  PY  motif,  which  is  the 
binding  site  of  WWP1.  TAZ  inhibited  WWP 1 -mediated  KFF5  ubiquitination  and  degradation.  Overexpression  of  TAZ  up-regulated 
the  protein  levels  of  KEF 5  and  FGF-BP,  which  is  a  well  established  KFF5  target  gene.  In  addition,  depletion  of  TAZ  in  both  184A1 
and  HCC1937  breast  cells  dramatically  down-regulated  protein  levels  of  KEF 5  and  FGF-BP  and  inhibited  cell  growth.  Furthermore, 
stable  depletion  of  either  TAZ  or  KFF5  significantly  suppressed  HCC1937  xenograft  growth  in  SCID  mice.  Knockdown  of  FATS  1, 
a  TAZ  upstream  inhibitory  kinase,  up-regulated  the  protein  levels  of  KFF5  and  FGF-BP  in  184A1  and  promoted  cell  proliferation 
through  TAZ.  Finally,  both  KLF5  and  TAZ  are  co-expressed  in  a  subset  of  ER-negative  breast  cell  lines.  These  results,  for  the  first 
time,  suggest  that  TAZ  promotes  breast  cell  growth  partially  through  protecting  KLF5  from  WWP  1 -mediated  degradation,  and 
enhancing  KLF5’s  activities.  This  study  is  supported  by  a  grant  from  the  American  Cancer  Society  (RSG-08- 199-01)  and  a  grant 
from  the  Department  of  Defense  (W81XWH-07-1-0191). 
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The  PMEPA1  gene  has  been  shown  to  suppress  the  androgen  receptor  (AR)  and  TGF(3  signaling  pathways  and  is  abnormally 
expressed  in  prostate  tumors.  However,  the  role  and  mechanism  action  of  PMEPA1  in  AR-negative  prostate  cancer  are  unclear. 

Here,  we  demonstrate  that  inhibition  of  PMEPA1  suppresses  AR-negative  RWPE1  and  PC-3  prostate  cell  proliferation  through 
upregulating  the  p21  transcription.  Additionally,  PMEPA1  overexpression  suppresses  the  p21  expression  and  promotes  cell 
proliferation.  PMEPA1  is  induced  by  TGF(3  as  a  negative  feedback  loop  to  suppress  Smad3  phosphorylation  and  nuclear 
translocation,  upregulates  c-Myc,  downregulates  p21,  and  promotes  PC-3  cell  proliferation.  The  PMEPA1  functions  depend  on  its 
Smad2/3  binding  motif.  Consistently,  depletion  of  Smad3/4,  but  not  Smad2,  blocks  the  PMEPAl’s  functions  of  regulating  c-Myc 
and  p21.  Importantly,  stable  depletion  of  PMEPA1  in  PC-3  inhibits  xenograft  growth.  Finally,  we  found  that  PMEPA1  is 
overexpressed  in  a  subset  of  prostate  cancer  cell  lines  and  tumors.  These  findings  suggest  that  PMEPA1  may  promote  AR-negative 
prostate  cancer  cell  proliferation  through  p21.  (This  work  was  supported  by  a  grant  from  the  Department  of  Defense  (W81XWH-07- 
1-0191)  and  a  grant  from  the  American  Cancer  Society  (RSG-08- 199-01).  Dr.  Liu  is  supported  by  a  postdoctoral  fellowship  from 
American  Urological  Association  Foundation.) 
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